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Non-point source (NPS) pollution remains high in watersheds despite strategies aimed at 
reducing such pollution. Beaver (Castor canadensis) activity converts lotic systems to semi-lentic 
by impounding stream flow and trapping sediments, which have a high affinity for NPS 
pollutants such as nitrogen (N), phosphorus (P), and heavy metals. This study identified 
environmental conditions under which beaver ponds influence the fate and cycling of NPS 
pollutants. Dissolved and particulate nutrients were sampled upstream and downstream of three 
beaver ponds differing in age and character. Sedimentation rates and sediment concentrations of 
nutrients and metals were determined. Results suggest that beaver ponds attenuate heavy metals 
at 2 to 4 times more than a riffle reach. Metal sequestration scaled with pond age and sediment 
organic matter content. The oldest and youngest ponds had no effect on dissolved nutrients. The 
middle age pond was a TN sink in summer and influenced dissolved nutrient concentrations 
differently in spring versus summer. We used a theoretical model to show that biogeochemical 
processing in a beaver pond is optimized at intermediate levels of resource supply and residence 
times. 
A beaver pond is comprised of a mosaic of aerobic and anaerobic conditions. The 
geomorphic composition of a beaver pond may facilitate unique biogeochemical pathways. This 
iv 
study measured N fates and fluxes within three geomorphic units (backwater, margin, riffle) of a 
single beaver pond and quantified N source and processing within each unit. We used a 
combination of techniques including in-situ buried bag experiments, closed benthic chambers, 
and isotopes. Results suggest N processing was tied to specific geomorphic units. Most 
biogeochemical work occurred within the backwater geomorphic unit which displayed increased 
levels of sedimentation, ammonification, nitrification, and denitrification, the latter driven by 
high sediment organic matter. The channel margin facilitated high rates of nitrification and nitrate 
benthic diffusion. Conditions within the riffle did not facilitate microbially mediated N reactions; 
instead, the riffle may contribute to the vertical movement of inorganic N from subsurface flow 
paths. If beaver ponds are to be considered as an option for landscape scale restoration, this study 




















The Fate and Cycling of Nitrogen, Phosphorous and Trace Heavy 
 
Metals in Beaver-altered Headwater Streams 
 
Desneiges S. Murray 
 
Human land-use can increase the amount of non-point source (NPS) pollution in a 
stream, negatively affecting ecosystem health and beneficial services provided by an ecosystem. 
Unfortunately, NPS pollution remains high in many waterbodies. Beaver dams may be a passive, 
cost-effective strategy for removing NPS pollution in headwater streams because beaver dams 
slow stream flow and collect sediments. Impounded sediments can change how nutrients and 
pollutants are cycled in a stream through multiple pathways. In the first part of our study, we 
investigated whether beaver activity can reduce nitrogen, phosphorous and heavy metals from 
otherwise traveling downstream. Results suggest beaver ponds influence the fate of NPS 
pollutants at intermediate levels of sediment-water interaction, which is defined by the amount of 
time water spends in the pond, the amount of a given nutrient delivered to the pond from 
upstream, and the volume of sediment behind the dam. We conclude that under specific 
conditions, beaver ponds are significant sinks for nitrogen. Further, phosphorous retention or 
production in beaver ponds is variable and may be related to season or pond age. 
Beaver ponds host a mosaic of environmental conditions and as a result can enhance 
nitrogen cycling within a stream. Characteristics such as valley shape and slope, or sediment-size 
distribution likely influence drivers of biogeochemical processing, thus the geomorphic 
composition of a beaver pond may facilitate unique biogeochemical pathways. The second part of 
our study aimed to identify where and when specific nitrogen reactions occur in a pond. Our 
study found that while beaver ponds can change how nitrogen is cycled, the net effect of a given 
beaver pond depends on the distribution of environmental conditions and thus its geomorphic 
composition. We found that the origin, processing and transformation of nitrogen is different in 
vi 
spring versus summer and is enhanced in sediments that are oxygen-poor and organic-rich. 
Overall, this research determined the fate and cycling of nitrogen, phosphorous and trace heavy 
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“…we saw some very large beaver dams today in the bottoms of the river several of which were 
five feet high and overflowed several acres of land; these dams are formed of willow brush mud 
and gravel and are so closely interwoven that they resist water perfectly…the brush appear to be 
laid in no regular order yet acquires the strength by the irregularity with which they are placed 





As ecosystem engineers, beavers (Castor canadensis) bridge headwater streams and 
adjacent terrestrial environments by harvesting woody materials to build channel-spanning dams, 
flooding entire valley bottoms (Jones et al. 1994). Their activity alters the hydrologic regime by 
decreasing stream velocities (Meentemeyer and Butler 1999), increasing sediment retention 
(Naiman et al. 1986, Butler and Malanson 2005) and surface water storage, thus laterally 
expanding riparian habitat, floodplain connectivity and hydric wetland soils (Westbrook et al. 
2006, Hood and Bayley 2008). Beavers were once ubiquitous to all North American headwater 
aquatic habitats, marveling even the infamous Lewis and Clark expedition. The demise of this 
industrious rodent was their coveted fur, which fueled the practical European fashion of felted 
hats during the 1700s and 1800s (Bryce 1900). By the 1900s, beavers were nearly extirpated from 
their native range by fur trappers. Some regard the removal of beaver from aquatic systems as the 
“first large-scale Euro-American alteration of watersheds” (Brown and Fouty 2011), and even 
suggest that the associated ecological devastation was an aquatic version of the Dust Bowl 
(Goldfarb 2018). 
As many realized that the omnipresence of beaver was an essential component to 
watershed-scale ecosystem functioning (Johnston and Naiman 1987), beavers were live-trapped 
and reintroduced to their former range during the mid-1900s, quickly becoming a conservation 
success-story (Baker and Hill 2003). While beavers now occupy their original range, current 
numbers are estimated at 6-12 million individuals (Naiman et al. 1988), a fraction of historical 
populations (60 - 400 million individuals; Seton 1929). Unfortunately, research on beaver-
2 
engineered ecosystems did not begin until well after their extirpation and subsequent 
reintroduction. As a consequence, current research on beaver-induced effects of water chemistry 
or geomorphology is likely a conservative picture of how beavers once altered environments 
(Naiman et al. 1988, Butler and Malanson 2005). Due to their prolonged absence, the forefathers 
of stream ecology and morphology unintentionally developed hypotheses and frameworks in a 
landscape devoid of beaver. One example is the ‘river continuum concept (Vannote et al. 1980) 
which depicted streams as predictable, linear courses from head to terminal waters. In a landscape 
devoid of beaver, this model is somewhat accurate (Rosgen 1994). However, in beaver-altered 
streams, where a mosaic of lotic-lentic conditions exist, the ‘river dis-continuum’ is a more 
ecologically exact theory (Pringle et al. 1988, Townsend 1989). Prior to European settlement of 
North America, beaver-altered landscapes were pervasive. As such, the natural capacity for water 
and sediment storage in small rivers may be greater than appreciated through current stream 
classifications. In the past few decades, many studies have supported the idea that beavers are 
integral components of stream morphology (Burchsted et al. 2010) and their activity can exert a 
disproportionate influence on ecosystem structure and biogeochemistry (Naiman and Pinay 
1994). 
Due to their widespread impact on fluvial ecosystems, beavers are increasingly used as 
geomorphic stream restoration tools (Pilliod et al. 2018). Places such as the arid Intermountain 
West have become the epicenter of beaver-based stream restoration (Pollock et al. 2007, 2014, 
Wheaton et al. 2015b, Bouwes et al. 2016). While it has been established that beavers alter the 
physical stream environment, there is still a research gap surrounding the chemical and biological 
response of beaver activity. Furthermore, beaver-focused biogeochemical research rarely 
quantifies processes occurring within the beaver pond that control the fate of nutrients, such as 
the spatial distribution of abiotic, and associated biotic, processes. As beaver-based stream 
restoration continues to gain momentum, basic scientific questions, such as the effects of beaver 
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ponds on non-point source pollutant fate and cycling, are crucial for understanding long-term 
impacts of such projects. 
In Chapter II, “Source or Sink? Quantifying beaver pond influence on non-point source 
pollutant transport in the Intermountain West”, we examine the net effect of beaver ponds on 
water quality in Northern Utah streams that are affected by NPS pollution. We hypothesize that 
because beaver ponds slow stream velocities, increase water residence time and accumulate 
sediments, which bind many nutrients and pollutants, beaver ponds may also reduce total 
nitrogen, phosphorous and heavy metals from otherwise traveling downstream. To potentially 
explain between-pond variability in nutrient processing, we compared our nutrient data to a 
theoretical relationship between sediment-water interactions and biogeochemical processing.  We 
found that biogeochemical processing in a beaver pond may be optimized at intermediate levels 
of resource supply and residence times. If beaver ponds are to be considered as a landscape scale 
restoration strategy, data to support the application of this theoretical relationship may be useful 
for predicting the effect of a beaver pond on water chemistry, and aid future research in 
interpreting water quality results from inherently heterogeneous environments. 
In Chapter III, “Inside the black-box: nitrogen biogeochemical pathways in a beaver-
altered stream”, we explore the spatial distribution of abiotic, and associated biotic, processes 
within a beaver pond by conducting experiments within distinct environments with a pond. We 
use geomorphic units (e.g., backwater, margin, riffle) as a proxy for predicting biogeochemical 
processing potential within a beaver pond. We measured nitrogen fates and fluxes within three 
geomorphic units of a beaver pond and quantified N source and processing within each unit. Our 
findings suggest N processing is tied to specific geomorphic units and thus the net effect of 
beaver activity on N cycling will depend on the spatial composition of a given pond. Accounting 
for physical, and associated chemical, heterogeneity within a beaver pond aids in quantifying N 
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SOURCE OR SINK? QUANTIFYING BEAVER POND INFLUENCE ON NON-POINT  
 





Non-point source (NPS) pollution remains high in many watersheds despite strategies 
aimed at reducing such pollution. Beaver (Castor canadensis) activity converts lotic systems to 
semi-lentic by impounding stream flow and trapping sediments, which have a high affinity for 
NPS pollutants such as nitrogen (N), phosphorus (P), and heavy metals. This study aimed to 
identify environmental conditions under which beaver ponds influence the fate and cycling of 
NPS pollutants. Dissolved and particulate nutrients were sampled upstream and downstream of 
three headwater beaver ponds differing in age and character through the summer season. 
Sedimentation rates and sediment concentrations of nutrients and metals were also determined. 
Results from this study suggest that beaver ponds can attenuate heavy metals at a rate 2 to 4 times 
greater than a riffle reach (p < 0.05). Metal sequestration scaled with pond age and sediment 
organic matter content. The oldest and youngest ponds had no significant effect on dissolved 
nutrients (NO3
-
, TDN and SRP) or total P (TP). The middle age pond was a significant TN sink in 




[p = 0.03]), and influenced dissolved nutrient concentrations 
differently in spring (21% NO3
-
 sink [p = 0.03], 61% SRP source [p = 0.05]) compared to summer 
(34% NO3
-
 source, 7% SRP sink). This pond had little apparent effect on TP loads during the 
study period but accumulated a total of 146 g m
-2
 of phosphorus in the sediments suggesting that 
beaver ponds may reach their phosphorus sequestration potential within the first few years of 
pond development and then subsequently acts as a weak SRP source. We use a theoretical 
relationship between sediment-water interactions and biogeochemical processing to show that 
biogeochemical processing in a beaver pond is optimized at intermediate levels of resource 
supply and residence times. If beaver ponds are to be considered as an option for landscape scale 
7 
restoration, this theoretical relationship may be useful for predicting the effects of a beaver ponds 
on water chemistry, and aid future research in interpreting variable water quality results from 
inherently heterogeneous environments. 
Keywords: beaver dam; non-point source pollutants; biogeochemistry; mass balance; sediment-





The increasing intensity and sprawl of anthropogenic land-use practices, such as grazing, 
mining, or forestry have channelized streams and increased loading of non-point source (NPS) 
pollutants into freshwater systems (Meybeck 2003, Freeman et al. 2007). When NPS pollutants 
(e.g., fertilizers, heavy metals, toxic chemicals) exceed ecosystem tolerance, ecosystem health 
degrades, potentially leading to toxic algal blooms (Duda 1993, Bryan et al. 2011), poor drinking 
water quality, or the loss of habitat and recreational opportunities (Baron et al. 2002). Most best 
management practices that are aimed at reducing nitrogen (N), phosphorus (P), and heavy metals 
from entering waterbodies implement passive barriers to pollutant transport such as riparian zone 
plantings. However, due to the substantial economic cost of such strategies, these practices are 
not currently implemented at the scale required to prevent waterbodies from experiencing 
continued water quality imperilment (Alvarez et al. 2016). 
Environments that facilitate the ecosystem service of permanently storing NPS pollutants 
or actively transforming pollutants to an inert form (e.g., N2 gas) are an ideal NPS best 
management practice. For example, wetlands facilitate chemical processes that transform 
bioavailable nutrients and heavy metals to forms that are no longer able to enter the food web and 
cause disruption of ecosystem tolerance (Kadlic and Hey 1994, Matagi et al. 1998). During the 
past century wetland habitat has been significantly reduced for agricultural and urban 
development in North America (McCauley et al. 2015). While artificial wetlands have been 
constructed as replacements, these systems require continual maintenance (Scholz and Lee 2005). 
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In North America and Europe, the ideal partner in wetland creation and natural water 
quality improvement may be the beaver (Castor canadensis). As ecosystem engineers (Jones et 
al. 1994), beavers bridge aquatic and terrestrial environments by harvesting woody materials to 
build channel-spanning dams, flooding entire valley bottoms, and altering the hydrologic regime 
(Majerova et al. 2015). As a result, beavers laterally expand riparian habitat, increase floodplain 
connectivity and create hydric wetland soils (Westbrook et al. 2006). It has been established that 
beaver ponds slow stream velocities (Meentemeyer and Butler 1999), increase water residence 
time, and accumulate organic-rich sediments (Butler and Malanson 2005), all of which may 
facilitate the natural removal of nutrients and pollutants from streams (Lin and Chen 1998). 
Research quantifying nutrient mass loading rates from beaver ponds has generally 
concluded that beaver ponds are sources of ammonium (Devito et al. 1989) and dissolved organic 
carbon (Margolis et al. 2001), and sinks for nitrate (Klotz 2010, Law et al. 2016) and phosphate 
(Maret et al. 1987, Puttock et al. 2018). However, many of these studies do not compare samples 
across time, which may prevent detection of the transition from source to sink, or vice versa. 
Notably, Klotz (1997) studied five beaver ponds in New York State and observed that some 
beaver ponds reduced SRP concentrations and others exported SRP, while other studies have 
found that beaver ponds are a significant PO4
3-
 (Puttock et al. 2017). Additionally, few studies 
have considered trace metal attenuation in beaver ponds. Metals are important NPS pollutants to 
consider because they are potentially bioavailable for passive or active uptake by organisms, and 
can potentially accumulate in tissues, resulting in acute or chronic health effects (Luoma 1983). 
Finally, while beaver-induced changes to water chemistry are often attributed to mechanisms that 
are known to change seasonally, such as stream discharge (Devito et al. 1989, Klotz et al. 2010), 
ecosystem productivity (Wegener et al. 2017), or hyporheic pathways (Wang et al. 2018, Briggs 
et al. 2019), studies have rarely quantified additional controlling mechanisms that may govern 
inter and intra-pond variation in biogeochemical cycles such as nutrient spiraling (Ensign and 
Doyle 2006), or within-pond habitat variability (Wheaton et al. 2015). Beaver ponds are highly 
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individual in their hydrologic and geomorphic characteristics and thus it is likely that 
biogeochemical controls, such as the length of time solutes interact and the concentration of 
solutes present to stimulate reactions, also vary among ponds. A framework that captures this 
biogeochemical, hydrological, and geomorphological relationship may help to explain the 
diversity in findings between beaver ponds. 
In this study we evaluate NPS pollutant retention as it relates to beaver pond geomorphic 
characteristics through detailed sampling of three beaver ponds that differ in character. We 
combine our results with a model that encapsulates sediment-water interactions as a proxy for 
potential biogeochemical work. This type of integrative framework is crucial for predicting 
whether beaver activity can significantly impact stream water chemistry.  
 
2. Materials and methods 
 
Within the Logan River basin in Northern Utah, three headwater streams with beaver 
activity were identified: Spawn Creek (first-order), Temple Fork (second-order), and Little Bear 
Creek (first-order) (Fig. 1). The Logan River watershed lies within a montane vegetation zone, 
and is characterized by limestone and dolomite geology and karst topography (Dover 1995). 
Daily mean air temperature ranges from -18.5 – 19.4 °C and mean cumulative annual 
precipitation is 114.3 mm (USDA NRCS, 2019). The predominant land-use practice within the 
watershed is open range cattle grazing. Spawn Creek is located within a 40 m wide grazing 
exclosure; however, grazing occurs in the uplands surrounding Spawn Creek and directly 
adjacent to Temple Fork and Little Bear Creek from June-August, yearly. Cattle grazing 
contributes to non-point source pollutants entering headwater streams directly via urine and feces, 
which is rich in nitrogen and phosphorus, and indirectly by increasing erosion of soil that contains 
both nutrients and metals (Roche et al. 2013). This region also experiences relatively high rates 
(5.1 kg ha
-1
) of atmospheric nitrate (NO3
-
) and ammonium (NH4
+
) deposition (NADP, 2020), 
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which can significantly impact nitrogen concentrations in freshwater ecosystems (Baron et al. 
2011). 
One pond was selected for study within each stream. Pond age was estimated from 
Google Earth Historical Imagery by noting the year in which the first evidence of a beaver pond 
was noticeable in the available imagery (e.g., a dam structure). All focal ponds were considered 
primary beaver ponds (Baker and Hill 2003); however Temple Fork, the youngest pond (4 – 6 
years old), may have been recently abandoned at the time of this study. The Spawn Creek beaver 
pond (8 – 10 years old), and the Temple Fork pond, were the most upstream of a large complex 
(approximately 1 km and 400 m, respectively, of beaver-altered downstream length). The Little 
Bear Creek pond (10 – 12 years old) was situated in the middle of the upper most complex 
(approximately 600 m stream length). 
 
2.1. Sampling strategy 
To determine the capacity for beaver pond sediments to store NPS pollutants sediment 
traps (n = 12) and cores (n = 4) were collected from each pond (n = 3) (Fig. 1). As a comparison, 
one surface sediment sample was collected from a free-flowing riffle site. From sediment 
samples, the concentration of the total and labile fractions of heavy metals, and the total nitrogen 
and phosphorus that has accumulated within beaver pond sediments was determined. To quantify 
whether beaver ponds are sources or sinks for nitrogen and phosphorous during spring and 
summer, water samples were collected directly upstream and downstream of the beaver pond inlet 
and outlet once per month from June to September 2018 for a total of 72 samples. A YSI 6920-
V2 Sonde was used to measure in-pond temperature, pH, specific conductivity and dissolved 
oxygen in each pond geomorphic unit (e.g., riffle, channel margin, backwater). The short-term 
accumulation of N and P (e.g., from spring and summer 2018) was compared to the sediment 
concentrations of N and P, which is reflective of the long-term accumulation of these elements 
across the entire lifetime of the beaver pond. 
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Figure 1. Study streams location in Utah within the Logan River watershed. Spawn Creek (A), 
Temple Fork (B), and Little Bear Creek (C) are tributaries to the Logan River with beaver dam 
complexes that include the study ponds. Black points denote sediment core locations. 
 
 
2.2. Discharge, residence time, and sediment volume 
During each field campaign, stream discharge was recorded upstream and where 
possible, downstream of the ponds with a Marsh-McBirney 2000 Flo-mate at the inlet channel 
immediately upstream of each beaver pond (two inlet channels in the case of the Little Bear 
Creek pond). We attempted to measure outlet flow but given the spatial distribution of the flow 
downstream of these dams, there was significant error when adding the various flow 
measurements from the small channels together. Therefore, it was assumed that inflow was equal 
to the outflow. This assumption is reasonable because the only major sources of potential water 
loss in the pond are evaporation or hyporheic exchange. Due to the relatively short residence 
times in these ponds (minutes to hours), the likelihood of significant evapotranspiration is very 
low. Additionally, during low flow (as in the summer months) the head gradient between surface 
water and groundwater will be minimal, which minimizes both inflow of groundwater (gain) and 
outflows of surface water (loss). However, any potential hyporheic exchange occurring within 
these beaver ponds is not directly addressed in this study. To account for one field visit with 
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missing discharge measurements (September), we estimated flow by exponentially regressing the 
day of year by discharge rates measured earlier in June, July, and August (Kenney et al. 2008). A 
10 % error was applied to discharge measurements, as per the suggestion of Sauer and Meyer 
(1992). 




 2018, we measured water depth and sediment 
thickness approximately every 4 m longitudinally and 1 m laterally in a grid-like design. 
Sediment thickness was determined by pushing a thin rod into the sediment until significant 
resistance. Measurement points were georeferenced with a Juniper Geode GNS with < 30 cm 
accuracy. To calculate surface area, Google Earth satellite images from June 2018 were analyzed. 
The sum of water and sediment volume from each 1 x 4 m cell was used to estimate pond-wide 
volumetric values for water and sediment. Water residence time (Ʈ i) was coarsely estimated for 





 ∗  
1𝑚𝑖𝑛
60𝑠𝑒𝑐
 ,              (1) 
 
 
where residence time (Ʈ i), in minutes, is a function of Q, the daily discharge (L s
-1
) for day of 
year (i) and Vw, the pond volume (L). Because pond total water and sediment volume was 
measured only once in August, we conservatively assumed pond water and sediment volume as 
constant and justified this assumption by observing no significant change in the water edge from 
June to September. However, our residence time estimates provide an approximate of the mean 
residence time and therefore do not reflect the full range of time solutes spend in the beaver pond 
for any observed flow condition. 
 
2.3. Sediment chemistry 
Sedimentation rates were calculated by placing triplicate sediment traps (2.5 cm diameter 
PVC tubing) throughout the beaver ponds for 50 to 80 days from representative locations within 
the ponds based on geomorphic unit criteria outlined in Wheaton et al. (2015) and implemented in 
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Majerova et al. (2020). After collection, sediments were dried in a vacuum desiccator, weighed, 
and scaled to pond area and the number of days left in the pond. Four sediment cores were also 
collected near sediment traps. One surface sediment sample was collected from a free-flowing 
riffle site 0.45 km downstream of the last pond in the Spawn Creek complex. Cores were capped 
and kept upright until processing at Utah State University (USU). In the lab, cores were split in 
half, length-wise, and then preserved in a dark fridge until analysis. Within one week of 
collection, core stratigraphy, density, organic, and inorganic contents via loss on ignition was 
performed (Dean 1974).  
 
2.3.1. Sediment heavy metals 
 
Cores were sampled approximately every 2 cm downcore and were sieved to select 
sediments < 250 µm.  Sediments were analyzed for Barium (Ba), Cadmium (Cd), Chromium 
(Cr), Copper (Cu), Nickel (Ni), Lead (Pb), Rubidium (Rb), Zinc (Zn), most of which are 
considered toxic to organisms when the labile form is found in high concentrations. We 
conducted two types of elemental analyses: (1) a complete digest to quantify metals that are both 
adsorbed and “mineral-bound” within sediments which was done by digesting sediments with 
trace element grade HCl, H2O2, HNO3 and HF as per EPA guidelines (US EPA 1996), and (2) a 
sequential digest (Brahney et al. 2008) on samples ranging from 5% to 32% organic matter from 
all three beaver ponds to estimate the fraction of demobilized, or labile, metals adsorbed only to 
organic acids and iron oxides or “non-mineral bound” (Patrick et al. 1990, Matagi et al. 1998). 
Metals adsorbed to organic acids and precipitated as iron/manganese oxides are considered 
temporarily sequestered as they can become liberated under low redox conditions (Salomans 
1995). Samples were first digested with tetra-sodium pyrophosphate (Na4P2O7) to remove metals 
associated with organic acids (humic and fulvic). Pyrophosphate does not interfere with sulfides 
or dissolve amorphous iron oxyhydroxides (Ross and Wang 1993). Prior to each sequential 
digest, residual sediments were rinsed with distilled water. A reducing agent, sodium 
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citrate/dithionite [(Na3C6H5O7) · (Na2S2O4)], was used to remove metals associated with Fe and 
Mn oxides. Magnetite and silicates are not dissolved in this digest (Ross and Wang 1993). Metals 
contained within silicate minerals were never bioavailable, those within sulfides are considered 
permanently sequestered. 
Major and trace elements in the total and fractionated extracts were analyzed on an 
inductively coupled plasma mass spectrometer (ICP-MS) at the USU ICP-MS Laboratory. The 
detection limit for all metals analyzed on the ICP-MS using both the US EPA (1996) and Brahney 
et al. (2008) method was on average 0.02 ± 0.05 ppm (see supplementary files for specific 
values). 
To understand the proportion of labile metals sequestered within beaver pond sediments, 
we calculated the proportion of labile metals bound within the total metal concentration by: 
 
% 𝑙𝑎𝑏𝑖𝑙𝑒 𝑚𝑒𝑡𝑎𝑙𝑠 =
(𝑁𝑎4𝑃2𝑂7) + (𝑁𝑎3𝐶6𝐻5𝑂7 ∙  𝑁𝑎2𝑆2𝑂4)
𝑡𝑜𝑡𝑎𝑙 𝑑𝑖𝑔𝑒𝑠𝑡
  * 100,               (2) 
 
 
where the percent of labile metals is the proportion of the sum of metals (ppm) bound to organic 
acids and iron oxides to the total metals digest. 
We compared total metal concentrations between beaver ponds using an ANOVA for 
each element. Because there was little variation between the sediment cores collected within a 
single pond, we considered each core a pond replicate (n = 4 from each pond). For samples where 
no detectable metals were measured, we substituted a default value of ½ the detection limit 
(Helsel 2006). This method is appropriate as our data was normally distributed and the mean 
value was used for statistical analyses (Hornung and Reed 1990). A Tukey’s multiple 
comparisons of means post-hoc test was used to detect differences when the overall test was 
significant at an α of 0.05. The sediment metal concentrations from the free-flowing channel 
sampling location serve as a comparison for sediment that is not contained within a beaver pond. 
A Welch’s t-test was conducted to evaluate labile metal concentrations between the low and high 
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organic matter content brackets (n = 6 and 5 for each element, respectively). Data were log 
transformed prior to statistical analysis to ensure assumptions of normality were met. 
 
2.3.2. Sediment nitrogen and phosphorus 
 
To quantify the concentration of total nitrogen (TN) and phosphorous (TP) within beaver 
pond sediments, two methods were employed, one for each element. For nitrogen, untreated 
sediments were acid fumigated with HCl and analyzed for nitrogen on a Costech 4010 Elemental 
Analyzer at the USU Stable Isotope Laboratory (Qi et al. 2003). Phosphorus was determined 
using the complete digest method described above (US EPA 1996). 
The approximate nitrogen and phosphorus that has accumulated in beaver pond 
sediments was calculated by: 
 
                                          𝑔 𝑁 𝑜𝑟 𝑃 = (





) ∗ 𝜌 ∗ 𝑉𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡,            (3) 
 
 
where the mass of N or P in sediments is a function of the concentration of N or P in the sediment 
sample analyzed (mg kg
-1
), multiplied by the density (𝜌) of saturated sediment (kg m-3), and the 
volume (m
3
) of impounded sediment. TN or TP sediment accumulation per day is the result of the 
total g of N or P in the sediment divided by the age of the pond, in days. 
 
2.4. Water chemistry 
Water samples were collected from stream and pond surface water in clean triple DI 
rinsed Nalgene® high density polyethylene (HDPE) bottles and stored on ice up to 6 hours before 
lab processing at USU. From the bulk water sample, at least 400 mL were passed through a pre-
combusted 0.7 µm Whatman ® GF/F filter for particulate carbon and nitrogen analysis. At least 
100 mL of the filtrate was acidified with H2SO4 and kept in pre-combusted glass amber bottles 
with Teflon lids for the analysis of total dissolved nitrogen (TDN), NO3
-




, SRP). Remaining bulk water samples were kept in HDPE bottles in a dark 
fridge for TP analysis. 
An additional 400 mL of bulk water sample was filtered through a 0.7 µm Whatman ® 
GF/F filter for chlorophyll-a analysis, performed by fluorometry on a SpectraMax M2E. TDN 
[detection limit (DL) = 0.004 mg L
-1
] was measured on acidified filtered samples via combustion 
on a Skalar Formacs
HT
 TOC/TN Analyzer. Nitrate (NO3
-
) samples were run on acidified filtered 
samples on a Lachat QC 8500 by ion chromatography (DL = 0.001 mg L
-1
). Samples run for TP 
were digested and oxidized with potassium persulfate and sulfuric acid. Unfiltered TP samples 
(DL = 0.002 mg L
-1
) and acidified filtered SRP samples (DL = 0.0005 mg L
-1
) were run on a 
Lachat QC 8500 Flow Injection Analyzer according to the molybdate blue method. Analytical 
error was quantified by calculating the relative error as the coefficient of variation of two or more 
replicate samples (Stanley et al. 2007). 
 
2.5. Quantifying source-sink response 
To understand if the ponds were sources or sinks over the 2018 sampling period, mass 
loading rates of N and P and the percent change in load were calculated. The daily mass loading 





     𝑤𝑖 = 𝑄𝑖 ∗ [𝑁𝑖 , 𝑃𝑖 , ],       (4)  
 
 
where Qi is the daily discharge (L d
-1
) and [Ni, Pi] is the N or P concentration (g N or P L
-1
) from 
the sampling occasion (i).  Error was calculated as the product of flow measurement error and 
water chemistry analytical error. 
A mass balance was calculated as a simple difference between upstream loads (inputs) 
and downstream loads (outputs). For Spawn Creek, loads were calculated for NO3
-
, TDN, 
particulate nitrogen (PN), SRP and TP and from these estimates, we inferred loads of total 
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nitrogen (TN) and particulate phosphorus (PP). TN was estimated as the sum of PN and TDN and 
PP was calculated as the difference between TP and SRP. These complete data sets provided full 
N and P mass balances for Spawn Creek beaver pond for each season, spring (June – July) and 
summer (August – September). Due to missing particulate nitrogen data, similar mass balances 
could not be completed for ponds on Temple Fork and Little Bear Creek. 
A non-parametric Mann Whitney U test was applied to detect statistical differences (p < 
0.05) between input loads and output loads in spring and summer for the Spawn Creek. The 
difference between inputs and outputs represents the net N or P loss to fates other than export 
downstream, such as the accumulation of N or P. If inputs and outputs are at equilibrium, the 
pond is in a steady state with respect to N and P concentrations. However, if inputs are greater 
than outputs then significant gas flux or short-term accumulation of N or P in biomass or 
sediments may be occurring within the beaver ponds. 
Finally, we calculated the daily percentage of N and P species that were exported or 
retained from all three beaver ponds by: 
 
                                            %𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑁, 𝑃 = (
𝑤(𝑜𝑢𝑡𝑓𝑙𝑜𝑤)−𝑤(𝑖𝑛𝑓𝑙𝑜𝑤)
𝑤(𝑖𝑛𝑓𝑙𝑜𝑤)
) ∗ 100                     (5) 
 
 
These percent change calculations give additional insight regarding differences in beaver 
pond nutrient retention or production capacity and allowed for a comparison of ordinary least 
squares regression slopes through time. Ponds were considered to have significantly different 
nutrient retention capacity if the slopes of percent change over time (± 1 standard error) did not 
overlap (Payton et al. 2003). 
 
2.6 Sediment-water interaction framework 
To potentially explain between-pond variation in biogeochemical processing capacity, 
nutrient load data was compared to an adapted theoretical relationship between hydrological 
connectivity and biogeochemical processing (Powers et al. 2012, Covino 2017). This framework 
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describes the potential for a system to perform biogeochemical work as a function of hydrologic 
connectivity, which is summarized by the relationship between resource supply and residence 
time (Powers et al. 2012). Further, the delivery rate, or resource supply, of a reactant may scale 
with the potential biogeochemical processing capacity because as more reactants accumulate, the 
probability of chemical interaction increases (Fig. 2). However, biogeochemical processing is 
also limited by the amount of time allowed for chemical reactions to occur, or residence time, 
wherein increased residence time can correspond with increased chemical reaction potential. The 
existing framework does not define ‘hydrologic connectivity’ nor ‘biogeochemical processing’ in 
a way that is possible to fit real data. As such, we adapted this framework wherein ‘hydrologic 
connectivity’ was instead expressed as ‘sediment-water interactions’ because the highest rates of 
chemical reactions generally occur at the sediment-water interface (Santschi et al. 1990) via the 
exchange of solutes between sediments and overlying water. Based on this conceptual 
relationship, it is expected that if an aquatic system experienced intermediate levels sediment-
water interactions, then the ability of that system to perform chemical work would be maximized. 
Thus, a summary of the relationship between resource supply and residence time for a given 





,                                       (6) 
 
 
where sediment-water interaction (SWI) at day of year (i) is a ratio of resource supply (defined as 
upstream nutrient load [w] at time [i], and impounded sediment volume [V] [m
3
]) and water 
residence time [Ʈ]. This index was calculated for all three beaver ponds and all sampling events 
across the sampling season for NO3
-
, TDN, TP and SRP (n = 57). 
Each ponds potential to perform biogeochemical work was estimated by calculating the 
absolute value of the percent change of a solute upstream and downstream of the beaver pond 
(Eqn. 5). For a null model, the percent change of specific conductance (SPC) concentrations was 
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used because SPC is proportional to the concentration of ions in solution. Chloride (Cl
-
) is 
commonly used as a tracer because of its nonreactive properties (Cox et al. 2007), however in this 
study used SPC as a surrogate for chloride, as previous research has shown significant 
correlations between SPC and chlorine ions (Hem 1992). Differences between ponds were 
evaluated using an ANCOVA. The SWI index was log transformed to ensure assumptions of 
normality were met. Tukey’s multiple comparisons of means post-hoc test was used to detect 
differences when the overall test was significant (p < 0.05). All data analyses described were 
analyzed using R version 3.5.1 (Vienna, Austria). 
 
 
Figure 2. Sediment water interaction theoretical model. A systems biogeochemical processing 
potential is a balance between resource supply (e.g., nutrient delivery rate) and residence time 
(e.g., the amount of time allowed for chemical reactions to occur). Chemical reactions generally 
occur at the sediment-water interface. At intermediate levels of resource supply and residence 
time, or sediment-water interaction, an ecosystem may have the highest biogeochemical 






3.1. Pond physical characteristics 
Beaver pond shape and size reflects the physiography of an area, as well as the stream 
order and size (Butler and Malanson 1995). The Little Bear Creek pond lies within a confined, 
steep valley and is fed by a low-flow stream that would likely be intermittent without beaver 
impoundments. The pond has fully inundated the valley width, and as a result its surface area, and 
water and sediment volume were larger than the other ponds (Table 1). Accordingly, the Little 
Bear Creek pond had a long residence time (on the order of hours) and received a significant 
amount of sediment relative to the water inflow rate (Table 1). The Temple Fork pond was fed by 
a larger, second-order stream. The residence time of the pond was several minutes, due to the 
high flows and smaller surface area (Table 1). While the Spawn Creek pond contained about 40 
to 60% less water and sediment than the Temple Fork pond, the residence time was about twice 
as long (Table 1). The longer residence time of Spawn Creek can be explained by the lower 
stream flow and the complete valley inundation, which can increase residence time because a 
higher proportion of the pond consists of low velocity areas (e.g., margins, backwaters; Majerova 
et al. 2020). 
 
Table 1. Beaver pond environmental and physical descriptors (± 1 standard deviation) 
  Spawn Creek  Temple Fork  Little Bear Creek  






Pond age (years) 8 ± 2 4 ± 2 10 ± 2 
Surface area (m
2
) 238 ± 15 292 ± 15 538 ± 15 
Downstream discharge (L s
-1
) 79 – 110 235 – 383 11 – 31 
Residence time (min.) 14 – 20 7 – 12 170 – 470 
Water volume (m
3









72 ± 47 
209 ± 172 
193 ± 72 
582 ± 371 
248 ± 157 
687 ± 312 
Temperature (°C) 9.1 ± 0.6 8.1 ± 0.1 11.5 ± 0.1 
pH 8.4 ± 0.1 8.5 ± 0.1 8.2 ± 0.2 
Dissolved oxygen (mg L
-1





3.2. Metal sequestration 
3.2.1. Total metals 
 
With the exception of Zn, the Little Bear Creek beaver pond impounded significantly 
more total target elements, as compared to both the Temple Fork and Spawn Creek beaver ponds 
(Figure 3). The total metal concentrations in Little Bear Creek pond sediments were on average 
(± 1 SD) 4 times above the riffle reach values, whereas Spawn Creek and Temple Fork pond 
sediments were on average 3 and 2 times greater than the riffle reach values, respectively. Little 
Bear Creek is the oldest beaver pond with the highest concentration of organic matter within its 
sediments (Table 2). The Temple Fork beaver pond is the youngest and its sediments contained 
the lowest concentration of organic matter (Table 2). Concentrations of total metals from each 
sediment core can be found in the supplementary files. 
 
3.2.2. Non-mineral bound metals 
 
Higher organic matter (20 – 32%) sediments sequestered in total 9.7 times more labile 
metals than lower organic matter (5 – 15%) sediments (Fig. 4; p < 0.001). Labile Cu and Cr 
concentrations appear to drive the variation between low and high organic matter metal 
concentrations. Rb and Cd were found in higher concentrations in the lower organic matter 
sediments. Concentrations of non-mineral bound metals from each sediment core can be found in 
the supplementary files. 
 
3.3. Mass balance 
Spawn Creek beaver pond was in a steady state with respect to total nitrogen in spring as 
shown by inflows being the same as outflows, but became a significant total nitrogen sink (180 g 
N d
-1
) during summer (p = 0.03). This is likely driven by lower TDN
 
concentrations coming from 
the pond as compared to concentrations entering the pond (Fig. 5). NO3
- 
concentrations showed 
the opposite trend, with more NO3
- 
leaving the pond than entering (Fig. 5), which suggests that a 
proportion of the TDN accumulated within the pond was likely NH4
+











and/or biomass uptake of NH4
+
. Because the pond was a slight source of NO3
- 
in the 
summer, mineralization and/or nitrification may be occurring. We also observed elevated biomass 
production during August and September (Fig. 7) which corresponded with a reduction of TDN 
concentrations downstream of the pond, possibly indicating biomass uptake of dissolved N (Fig. 
5, 7). 
 
   
 
Figure 3. Mean sediment metal concentrations in study ponds (mg kg
-1
 or ppm in sediments <250 
µm) ± 1 SD of (a) Cr, (b) Ni, (c) Cu, (d) Zn, (e) Rb, (f) Cd, (g) Ba, (h) Pb and (i) sum of all target 
metals from beaver ponds on Little Bear Creek (LB), Spawn Creek (S) and Temple Fork (T). The 
dashed line represents the concentration of target element from the riffle location on Spawn 
Creek. Letters (a, b, c) denote statistical significance between beaver ponds at the 0.05 alpha level 
from a one-way ANOVA conducted for each element. Across all elements, Little Bear Creek 





Table 2. Pond age and sediment organic matter content. Age of pond was estimated as the time 
since initial beaver dam construction, using Google Earth historical imagery. The mean sediment 
organic matter content ± 1 SD is compared to the sum (ppm) of the total concentration of the 
target elements. 
Location Pond age  
(years) 
Dominant sediment 
grain size  
Mean sediment 
organic matter 
content ± 1 SD 
Sum Total 
Metals 
 ± 1 SD (ppm) 
Little Bear 
Creek 
10 – 12 <250 µm 18 ± 7 % 775 ± 47 
Spawn Creek 8 – 10 <250 µm 14 ± 6 % 476 ± 190 
Temple Fork 4 – 6 <250 µm 8 ± 5 % 295 ± 109 






Figure 4. Percent of non-mineral bound metals from the total metals that were labile when 
dissolved in the water column. Sediments with high organic matter complex significantly more 






In both spring and summer, the pond was in a steady state with respect to total 
phosphorus where again the incoming and outgoing loads were the same. However, in the 
summer the inputs of SRP were greater than outputs, and inputs of PP were less than outputs (Fig. 
6). The dissolved and particulate mirroring trends suggest that nutrient spiraling may be 
facilitated within the pond. For example, during the summer sampling, we measured an increase 
in chlorophyll-a concentrations within the pond (Fig. 7), which suggests that biota may have 
assimilated SRP into biomass (temporary SRP sink), which was eventually exported downstream 
(PP source). 
The mass balance applied to the Spawn Creek pond reflects the present status of N and P 
cycling. The concentrations of N and P within impounded sediments can provide information 
regarding N and P pools that have accumulated over the lifetime of the beaver pond. Over the 
eight to ten years that the Spawn Creek has existed it has accumulated a total of 272 – 340 kg N 
and 38 – 47 kg P (Fig. 5 and 6). Nitrogen within the sediments is available for biogeochemical 
processing, such as mineralization. The summer N retention rate was 180 g N d
-1
, which is 
considerably more than the average N accumulation rate of 93 g N d
-1
 (Fig. 6). The difference 
between these two values indicates the rate of N accumulation within the pond is not linear, and 
likely scales with pond age and seasonality (e.g., spring freshet). In contrast, the Spawn Creek 
pond accumulated P over the long-term (Fig. 7), though our results suggest that during the 2018 
spring and summer sampling occasions the pond was in steady-state with respect to P. 
Phosphorus liberating processes, which include the decomposition of organic matter and/or the 
reduction of iron oxides is influenced by pond oxygen conditions and benthic microbial activity, 




Figure 5. Mass balance for total nitrogen (TN), total dissolved nitrogen (TDN) and nitrate (NO3) 
during spring (a) and summer (b) 2018 for the beaver pond on Spawn Creek. Units are expressed 
in g N d
-1
 (µ ± ε). The pond is a significant TN sink during summer (*p = 0.03). Dissolved N 
(TDN and NO3
-
) display shifting source-sink seasonal trends. The lifetime accumulation of 
nitrogen in pond sediments (c) was only measured once (in August) during the study. The daily 
rate of sedimentation reflects the total N divided by the pond age (in days), and thus assumes a 
constant sedimentation rate. 
 
3.4. Percent change in nutrient loads 
 
The seasonal net effect of the Spawn Creek pond on N and P concentrations indicated 
that in spring and summer TP was in a steady-state and during summer TN was a significant sink. 
In contrast, daily or instantaneous nutrient results from upstream and downstream of the three 
beaver ponds displayed asynchronous trends through time (Fig. 8). The percent change in NO3
- 
concentrations in the Spawn Creek beaver pond evolved from a NO3
-
 sink in June and July (25 
and 16 %, respectively) to a NO3
-
 source in August and September of 5 and 63%, respectively (r
2
 
= 0.89, p = 0.03; Table 3). The Spawn Creek pond was also a TDN sink ranging from 0.3 – 15% 
reduction from June – September (r
2
 =0.73, β1 = -0.2). During the late summer this pond was  
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simultaneously a significant NO3
- 
source and TDN sink. In contrast, the percent change in NO3
-
 
and TDN concentrations for the Temple Fork and Little Bear Creek ponds was at or around zero 
(Fig. 8; Table 3). 
Figure 6. Mass balance for total phosphorous (TP), particulate phosphorus (PP) and soluble 
reactive phosphorus (SRP) during spring (a) and summer (b) 2018 for the beaver pond on Spawn 
Creek. Units are expressed in g P d
-1
 (µ ± ε). The pond has no significant effect on TP during 
spring or summer 2018. The lifetime accumulation of phosphorus in pond sediments (c) was only 
measured once (in August) during the study. The daily rate of sedimentation reflects the total P 
divided by the pond age (in days), and thus assumes a constant sedimentation rate. 
 
 
The Spawn Creek beaver pond ranged from a significant SRP source (p = 0.05) in June 
(61%) and SRP sink from July through September (5 – 8%; Fig. 8). Percent change in TP in the 
Spawn Creek beaver pond did not display an evident linear trend (r
2
 = -0.33). During early 
summer, this pond displayed SRP production and TP retention, potentially indicative of nutrient 
transformation from particulate to dissolved form. In contrast, the Temple Fork and Little Bear 
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Creek beaver ponds had no significant effect on SRP or TP concentrations through time (Fig. 8), 




Figure 7. Chlorophyll-a concentrations (µg L
-1
) from within the Spawn Creek beaver pond 
throughout the 2018 sampling season. Chlorophyll-a concentrations are greatest in August and 
September. 
 
Table 3. Linear regression summary statistics for the analysis of percent change of NO3
-
, TDN, 
SRP and TP mass loads between upstream and downstream of the beaver ponds over time. Letters 
(a, b, c) denote whether the slope of the regression for the nutrient (β1 ± 1 SE) overlapped 
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Figure 8. Percent change in mass loads between upstream and downstream sites for nitrate (a), 
total dissolved nitrogen (b), soluble reactive phosphorus (c), and total phosphorus (d) for beaver 
ponds on Spawn Creek (circles), Temple Fork (squares) and Little Bear Creek (triangles) over the 
2018 sampling season. 
 
 
3.5. Sediment-water interactions 
To understand the between-pond variation in biogeochemical processing, we tested 
whether the nutrient data from the three beaver ponds aligned with the theoretical relationship 
between the potential for a system to perform chemical work, described as a balance between 
resource supply and residence time (Fig. 9b). Spawn Creek pond displayed intermediate levels of 
sediment-water interaction potential (SWI = 9.1 ± 2) whereas the Temple Fork pond experienced 
high levels of SWI (159 ± 2) and the Little Bear Creek pond displayed very low levels of SWI 
(0.1 ± 2). The between-pond variation in biogeochemical processing, or |percent change| in mass 
loads between upstream and downstream of each beaver pond, was also examined. 
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Biogeochemical processing was greater in the Spawn Creek pond compared with the Temple 
Fork and Little Bear Creek ponds (p = 0.001). Specifically, Spawn Creek displayed the greatest 
potential biogeochemical processing value with a mean of 15% change and maximum value of 
62.5% (NO3
-
 source in September). In contrast, the Temple Fork and Little Bear Creek ponds had 
a mean percent change of < 2% and a maximum of < 12%. Results from the null model indicated 
that SPC, an assumed biogeochemically inert constituent, did not follow the expected relationship 
between sediment-water interaction and biogeochemical processing (Fig. 9c). Together, these 
results suggest that data from the three beaver ponds follow the theoretical relationship between 




Figure 9. Biogeochemical processing potential in beaver ponds on Spawn Creek (circle), Temple 
Fork (square) and Little Bear Creek (triangle). The degree to which beaver ponds influence 
downstream water chemistry may be a function of the theoretical relationship between resource 
supply and residence time [adapted from Covino (2017)]. In panel A, the biogeochemical 
processing is plotted as the |% change in mass load| of TDN and NO3
-
 (dark grey) and SRP and 
TP (light grey). Panel B is a null model of the |% change| of SPC (µS cm
-2
), which does not 






This research aimed to understand how beaver ponds influence the fate and cycling of 
NPS pollutants in headwater streams within the Intermountain West. We show that specific 
environmental conditions, both physical and chemical, exist under which some beaver ponds can 
significantly alter concentrations of NPS pollutants. Using a theoretical model, we show that 
important physical attributes including pond age, discharge, residence time, sediment volume, 
and chemical attributes including organic matter content, metal biogeochemistry, and nutrient 
loading influence the capacity for beaver ponds to retain NPS pollutants. 
 
4.1 Beaver ponds as tools for NPS pollution management 
4.1.1 Metals 
 
In our study area, beaver ponds effectively retained heavy metals. Overall, the total and 
labile concentration of each heavy metal within the sediments scaled to the amount of organic 
matter content in the sediments and the age of the beaver pond (Fig. 3). Specifically, the labile 
concentration of metals was 9.7 times greater in high organic matter sediments as compared to 
low organic matter sediments (Fig. 4). 
Differences in the sequestered concentrations among measured elements are likely due to 
the strength of adsorption to organic matter and fine sediments. Generally, adsorption strength for 
divalent metals is as follows: Pb > Cu > Zn > Ni > Cd (Alloway et al. 1990). When comparing 
the low and high organic matter sediments, labile Cr displayed a 350-fold difference between 
high and low organic matter sediments (Fig. 4). This may be due to Cr competing for binding 
sites with Cu and Zn and resisting desorption (Covelo et al. 2004). Rb was the only element with 
higher concentrations in the low organic matter sediments (Fig. 4), which may be a result of its 
weak association with organic matter (Maiti et al.1989). 
Though heavy metals are demobilized from the water column when adsorbed to organic 
sediment compounds, metals can still become bioavailable again under certain environmental 
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conditions, such as anoxia (Caetano et al. 2003). For example, a recent study by Briggs et al. 
(2019) found that beaver ponds were a source of dissolved Fe, Mn, Al and As compared to a free-
flowing reach. The authors attribute this result to beaver activity that expanded anoxic subsurface 
flow paths, possibly resulting in the liberation of metals bound to redox sensitive constituents, 
such as Fe oxides. Our results suggest that the oldest pond (Little Bear Creek), not only had the 
greatest sediment organic matter content, but also contained the highest concentrations of total 
Cr, Ni, Cu, Rb, Cd, Ba and Pb in the sediments (Table 2, Fig. 3). Sediments from this pond were 
very fine, dark in color, and resistant to both the organic acid and Fe oxide digests, suggesting 
that a large proportion of metals were complexed to sulfides. Sulfides can co-precipitate with 
metals under low oxygen condition, leading to stable metal sequestration (Matagi et al. 1998). 
In summary, beaver ponds can attenuate metals at a rate that is 2 to 4 times greater 
(increasing with pond age) than a riffle stream reach. Interestingly, this study’s heavy metal 
results from high-organic sediments are within the lower range of concentrations reported in 
multiple studies of small reservoirs (e.g. Li et al. 2011, Michalec 2012, Ghaleno 2015). In 
comparison to small reservoirs, beaver ponds are a stochastic element of the streamscape, 
appearing and disappearing with the nomadic tendencies of beavers (Baker and Hill 2003). 
However, Butler and Malanson (2005) found that following a beaver dam blowout, sediment 
removal occurred only during the dam breaching period and little was exported downstream due 
to the rapid colonization of riparian meadow vegetation. Additionally, Walter and Merritts (2008) 
found that it was rare for all sediment to be excavated after a man-made dam failure. Importantly, 
insoluble metals within potentially evacuated sediments are not a threat to receiving water bodies, 
whereas complexed metals can become bioavailable again depending on redox and pH 







All three beaver ponds behaved differently with respect to nutrient retention or release. 
The oldest beaver pond (Little Bear Creek) and the youngest beaver pond (Temple Fork) 
experienced no net change in dissolved nutrients (NO3
-
, TDN and SRP), however were slight 
sources for TP (10%) in June (Fig. 8). This suggests the ponds were in steady-state with respect 
to production and retention processes, specifically desorption and mineralization vs. uptake and 
sedimentation. However, this is just a reflection of current biogeochemical behavior of these 
ponds, and in the past, they may have deviated from a steady-state condition. For example, while 
the Spawn Creek beaver pond had no apparent effect on TP concentrations in spring and summer, 
its sediments accumulated considerable TP, indicating that at some point previously TP inputs 
exceeded outputs. This phenomena has been observed during the early formation of beaver dam 
analogs (man-made beaver dams) ponds that become filled with sediment within a few years 
following construction (Scamardo and Wohl 2020). Rapid sedimentation in the early years of a 
beaver pond creates a pool of N or P that is available for current or future biogeochemical 
processing if certain environmental conditions exist. For example, the eventual release of 
phosphorus or nitrogen from sediments (e.g., SRP, NO3
-
) is influenced by environmental 
conditions within the sediments such as oxygen conditions and benthic microbial activity. 
The diffusion of N or P from the sediments to the water column can be assimilated into 
biomass within the pond or directly exported downstream. The Spawn Creek beaver pond 
promoted nutrient attenuation via the facilitation of particulate matter sedimentation and of 
dissolved nutrients via the uptake by organisms. However, under the right conditions some of the 
sedimented organic matter was remineralized and transported downstream. Specifically, the pond 
transitioned from a significant NO3
-
 sink and SRP source to a significant NO3
-
 source and a SRP 
sink during the 2018 sampling season (Fig. 6, 8). The reduction of SRP concentrations 
downstream of the pond coincided with higher in-pond chlorophyll-a concentrations (Fig. 9) 
suggesting that biomass assimilation of SRP was the main driver of SRP attenuation and 
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corresponded with elevated PP loads out of the pond. Nitrogen source-sink patterns are more 




 can occur in oxic environments. In 
the beaver pond, NO3
-
 sink-source patterns were complemented by TDN source-sink patterns 
(Fig. 6, 8). TDN concentrations largely reflect NH4
+ 
concentrations, and thus the complementary 
source-sink pattern observed suggests that mineralization and nitrification are occurring in the 
pond. However, because the Spawn Creek pond was a significant TN sink, mineralization and 
nitrification rates were outpaced by nitrogen sink processes such as biological uptake and/or 
sedimentation. 
Notably, these results reflect the environmental conditions that Spawn Creek experienced 
during the 2018 spring and summer season, and results could vary as the pond ages or climate 
conditions change. To this end, Naiman and Melillo (1984) reported that while TN accumulated 
in beaver pond sediments there was no significant difference between the influx and outflux 
concentrations, indicating that the pond was in a steady-state. However, Devito et al. (1989) 
found that over the course of a year, beaver wetlands were a net TN source, perhaps reflecting 
nitrogen production processes that outweighed nitrogen sink processes. More recently, Puttock et 
al. (2018) found that beaver ponds in New England, USA accumulated on average 0.91 ± 0.15 
tonnes N but significant differences in mean percent nitrogen (in sediments) between thirteen 
beaver ponds was observed. It is possible that the gradient of results from multiple beaver pond 
studies reflects variable sediment-water interaction times and/or pond morphologies. 
 
4.2 A framework for interpreting between-pond variation in biogeochemical cycles 
Defining the conditions under which beaver ponds will act as nutrient sources or sinks, 
and characterizing them within a model framework, is the next step in moving the science from 
measurements to prediction to management action. Characteristics such as valley geomorphology 
(Maret et al. 1987), seasonality (Correll et al. 2000, Hill and Duval 2009), hydrology (Wegener et 
al. 2017) or pond maintenance (Bledski et al. 2011) can influence the biogeochemical processes 
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occurring within beaver ponds. As such, individual beaver ponds may be biogeochemical hot-
spots (McClain et al. 2003), however distinct relationships between environmental conditions and 
biogeochemical mechanisms within a beaver pond need to be clearly defined. Our framework 
examines the degree to which sediment water interactions can be used as proxy to understand the 
capacity of a beaver pond to conduct biogeochemical work, and thereby influence nutrient 
concentrations. A pond may be a nutrient sink when uptake is greater than organic matter 
mineralization and decomposition, which could occur when sediment diagenesis is low, but 
sedimentation of ions attached to particulates is high. This would potentially occur in ponds with 
intermediate residence times (e.g., Spawn Creek pond). Specifically, an intermediate residence 
time may allow for ample interaction at the sediment-water interface, which could reduce reaction 
bottlenecks for obligatory aerobic (e.g., nitrification) or anaerobic (e.g., denitrification) processes. 
The Spawn Creek beaver pond was of relatively intermediate age (8 – 10 years), size 
(238 ± 15 m
2
), discharge (79 – 110 L s
-1
), residence time (14 – 20 minutes), and influenced NO3
-
, 
TDN, SRP and TP concentrations at a greater magnitude and rate than both other ponds (Fig. 8, 
Table 3). It is possible that the range of environmental conditions (e.g., resource supply and 
residence time) this pond experienced during our sampling season was the ideal balance of 
sufficient concentrations of nutrients and time for reactions to occur. Notably, our data suggested 
that the Spawn Creek beaver pond was more frequently (63%) residence time limited in spring 
months when flows were higher. Other studies (e.g., Devito 1989) have also suggested that 
stream flow determined whether a pond was a source or sink for nutrients. 
The theoretical framework suggested that the two other beaver ponds were resource 
supply (Little Bear Creek) and residence time (Temple Fork) limited (Fig. 9). Specifically, the 
Little Bear Creek beaver pond was large and relatively old. Because the pond was situated in the 
middle of a pond complex, the water inflow to the pond was low and came in via many small 
tributaries from the upstream beaver pond, however sedimentation rates were high. Our model 
suggests that while the Little Bear Creek pond experienced sufficient residence time conditions 
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for reactions to occur, there was limited supply of new dissolved reactants so net processing was 
limited. In contrast, the Temple Fork beaver pond was relatively young and was likely not 
inhabited by a beaver colony at the time of this study. This pond received a large amount of 
water, which resulted in short residence times. Our model suggests the explanation for reduced 
biogeochemical processing in this pond is that while sufficient concentrations of reactants were 
delivered to the pond from upstream, the rate of flushing was higher than the rate at which 
physical or chemical processes could occur within the pond, such as sedimentation or microbial 
mediated nutrient transformations. 
While most of the data from all three ponds displayed a tendency of higher percent 
change corresponding with SWI intermediacy (e.g., SWI = 0), a few SRP and NO3
-
 values 
displayed extremely high biogeochemical processing capacity (e.g., > 30 % change) and 
corresponded with SWI values that indicated that the Spawn Creek pond was slightly resource 
supply limited (Fig. 9). This result is not surprising as nitrogen and phosphorous reactions occur 
quickly, thus residence times may not be as limiting of a factor as the concentration of reactants 
available. However, the robustness of this applied theoretical framework remains to be tested by 
independent data. In this study we were only able to compare three streams and so the idea of 
‘intermediacy’ is relative to these systems. However, our model has indicated that altered 
hydrologic regimes and pond age will influence sediment-water interactions, and thus 
biogeochemical processing in beaver ponds. If beaver ponds are to be considered as a landscape 
scale restoration strategy, data to support the application of this theoretical relationship may be 
useful for predicting the effect of a beaver pond on water chemistry, and aid future research in 




This study identified specific conditions under which beaver ponds can attenuate heavy 
metals and nutrients, thereby addressing when and where beavers can potentially be used as a 
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natural, cost-effective NPS pollutant remediation strategy. Generally, organic-rich sediments 
impounded more heavy metals than organic poor sediments, and pond age played a role in total 
metal sequestration. Biogeochemical processing in a beaver pond may be optimized at 
intermediate levels of resource supply and residence time. Thus, a beaver pond with both 
sufficient resource supply and residence time will influence nutrient concentrations more than 
ponds lacking such conditions. This model may be useful for predicting whether a beaver pond 
will have a significant effect on stream water quality, which will help to apply the science to NPS 
pollutant management goals. 
Prior to European settlement of North America, beavers were omnipresent in headwater 
streams, and undoubtedly exerted a strong influence on element cycles. Despite the bleak history, 
recent and ongoing research is realizing the numerous ecosystem benefits of beaver activity  and 
as a result, beaver dams are seeing increasing use as a geomorphic stream restoration tool. If 
beaver dams can successfully assimilate NPS pollutants in headwater streams, then their appeal as 
a natural river restoration strategy will likely increase. However, it is important to consider that 
beaver ponds may provide both an ecosystem services or disservices, and this perspective may 
change with nutrient management goals. For example, if a stream is experiencing excess diffuse 
loads of nitrogen or heavy metals with high organic matter, then beaver ponds may be an 
effective remediation strategy. In order to ensure long-term efficacy and positive impacts 
of beaver-based restoration, it is imperative to continue to understand the effects of beaver ponds 
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INSIDE THE BLACK BOX: NITROGEN BIOGEOCHEMICAL PATHWAYS IN 
 





Beavers convert lotic systems to semi-lentic by building channel-spanning dams. The 
resulting pond contains a mosaic of aerobic and anaerobic conditions. The geomorphic 
composition of a beaver pond may facilitate unique biogeochemical pathways. This study 
measured N fates and fluxes within three geomorphic units (backwater, margin, riffle) of a beaver 
pond and quantified N source and processing within each unit. We used a combination of 
techniques including in-situ buried bag experiments, closed benthic chambers, and isotopes. Our 









 of which 13.6% was evaded via 





N) from the margin and backwater suggest enhanced microbial activity and N 
transformation. C:N ratios indicated that sediment organic matter in the margin and backwater 
was of a different source as compared to the riffle (lacustrine vs. terrestrial, respectively). Most of 
the biogeochemical work occurred within the backwater geomorphic unit (fine substrate, deep 









) the latter driven by 




). The channel margin 
(parallel to shore, fine substrate, intermediate sediment depth, shallow water depth) facilitated 









Conditions within the riffle (coarse substrate, shallow sediment, deep water) did not facilitate 
microbially mediated N reactions; instead, the riffle may contribute to the vertical movement of 
inorganic N from subsurface flow paths. Accounting for physical, and associated chemical, 
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heterogeneity within a beaver pond aids in quantifying N processing in beaver-altered headwater 
streams. 
Keywords: beaver pond, geomorphic units, sediment oxygen demand, stable isotopes, proxies, 





As ecosystem engineers (Jones et al. 1994), beavers (Castor canadensis) bridge aquatic 
and terrestrial environments by harvesting woody materials to build channel-spanning dams. 
These dams can flood entire valley bottoms, thus decreasing stream velocities (Meentemeyer and 
Butler 1999), increasing sediment retention (Naiman et al. 1986, Butler and Malanson 2005) and 
surface water storage. By laterally expanding riparian zones and hydric wetland soils, and 
increasing floodplain connectivity (Westbrook et al. 2006, Hood and Bayley 2008), beaver ponds 
create habitat patchiness within watersheds. As a result, beaver ponds can exert a 
disproportionate, and contrasting, influence on the fate and cycling of elements compared to 
streams with no beaver activity (Naiman et al. 1988, Naiman and Pinay 1994). 
Characteristics such as valley geomorphology (Maret et al. 1987), seasonality (Correll et 
al. 2000, Hill and Duval 2009), hydrology (Wegener et al. 2017), pond maintenance (Bledski et 
al. 2011), and sediment-water interactions (Murray et al. 2021) cause beaver ponds to be highly 
individual in their respective environmental conditions. Beaver ponds and complexes host a 
spatial mosaic of aerobic and anaerobic environments (Pringle et al. 1988), thermal regimes 
(Majerova et al. 2020), and sediment organic-matter content (Murray et al. 2021). The patchiness 
of environmental characteristics within a given beaver pond can enhance or reduce reaction rates 
in the nitrogen cycle. For example, studies quantifying nitrogen fluxes from beaver ponds have 
concluded that beaver ponds are sources of ammonium (Devito et al. 1989, Cirmo and Driscoll 
1993) and sinks for nitrate (Klotz 2010, Law et al. 2016). Further, Naiman and Melillo (1984) 
reported that while TN accumulated in beaver pond sediments there was no significant difference 
between the influx and outflux concentrations. However, Devito et al. (1989) found that over the 
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course of a year, beaver wetlands were a net TN source. In contrast, Murray et al. (2021) 
concluded that a beaver pond sequestered 5 to 7 percent of daily imported TN in the spring and 
summer, respectively. Because beaver pond dimensions reflect the physiography of an area, as 
well as the stream order and size (Butler and Malanson 1995), differences between nitrogen 
dynamics across beaver ponds in North America and Europe may be attributable to the variable 
spatial composition of beaver ponds themselves. 
Results from previous studies suggest that beaver ponds may facilitate nitrogen 
biogeochemical transformations, and that certain biogeochemical pathways may be heightened 
during spring or summer (Puttock et al. 2018, Murray et al. 2021). In this way beaver ponds may 
facilitate both biogeochemical hot-spots and hot-moments (McClain et al. 2003). Given the 
contrasting conclusions from beaver-focused studies across North America it is clear that the 
question of how or when beaver ponds will influence nitrogen fates and fluxes in streams requires 
further investigation. Furthermore, quantifying nitrogen concentrations exclusively upstream and 
downstream of a beaver pond, as is common practice, may over-look the complexity of nitrogen 
biogeochemical pathways that are tied to environmental conditions within the beaver pond itself. 
While many studies allude to potential biogeochemical mechanisms driving beaver pond nitrogen 
chemistry, such as stream discharge (Klotz 2010), floodplain connectivity (Wegener et al. 2017), 
or sediment-water interactions (Murray et al. 2021), none have looked within the black-box and 
quantified specific nitrogen reaction rates in potentially biogeochemically distinct environments. 
Beaver ponds are inherently hybrid systems possessing both stream and lake 
characteristics. To holistically describe beaver-pond nitrogen cycling, methods founded in both 
stream and lake systems should be implemented. For example, limnologists recognize that the 
profundal and littoral zones of lakes are ecologically, and therefore biogeochemically, distinct 
(den Heyer and Kalff 1998). Similarly, stream geomorphic units are used to distinguish the 
gradient of abiotic and biotic conditions within a stream (Frissell et al. 1986, Hawkins et al. 
1993). Units such as pools, riffles, backwater, or channel margins, are derived from the 
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morphological and hydraulic properties of a stream channel (Montgomery and Buffington 1997). 
Recently, geomorphic units have been used to delineate the geomorphic heterogeneity within 
beaver ponds (Wheaton et al. 2015). Because morphologic characteristics such as valley shape 
and slope, or sediment-size distribution, likely influence drivers of biogeochemical processing 
(e.g., residence time, element loading, redox conditions, microbial presence), beaver pond 
geomorphic units may also facilitate distinct biogeochemical pathways. 
This study aimed to quantify specific nitrogen reaction rates in three geomorphic units to 
understand the distribution of nitrogen biogeochemical work within a beaver pond in Northern 
Utah. We used a combination of techniques including in-situ buried bag experiments, closed 
benthic chamber experiments, and C and N isotope signatures. Results from this study emphasize 
the importance of accounting for the physical, and associated chemical, heterogeneity within a 
beaver pond and suggest that geomorphic units could be used as a proxy for predicting 
biogeochemical processing potential within a beaver pond. 
 
2. Materials and methods 
 
We focused our study on a beaver pond in Spawn Creek (first order), located in the 
Logan River basin in Northern Utah (Figure 10). The Logan River watershed lies within a 
montane vegetation zone, and is characterized by limestone and dolomite geology and karst 
topography (Dover 1995). Daily mean air temperature ranges from -18.5 – 19.4 °C and mean 
cumulative annual precipitation is 114.3 mm (USDA NRCS, 2019). The predominant land-use 
practice within the watershed is open-range cattle grazing. Spawn Creek is located within a 40 m 
wide grazing exclosure, however, grazing occurs in the uplands surrounding Spawn Creek from 
June-August, yearly. Cattle grazing contributes to NPS pollutants entering headwater streams 
directly via urine and feces, which is rich in nitrogen, and indirectly by increasing erosion of soil 




) of atmospheric nitrate (NO3
-
) and ammonium (NH4
+
) deposition (NADP, 2020), which 
can significantly impact nitrogen concentrations in freshwater ecosystems (Baron et al. 2011). 
Pond age was estimated from Google Earth Historical Imagery by noting the year in 
which the first evidence of a beaver pond was noticeable in the available imagery (e.g., a dam 
structure). The Spawn Creek pond (8 – 10 years old) is considered a primary beaver pond (Baker 
and Hill 2003) because it is the most upstream of a large complex (approximately 1 km, 
respectively, of beaver-altered downstream length). 
A previous study on the Spawn Creek beaver pond (Murray et al. 2021) found that the 
downstream discharge from the pond, estimated once per month from June – September 2018, 




, and water residence time ranged from 15 to 19 minutes during the summer. 
This study also found that the Spawn Creek beaver pond was a significant TN sink in summer 
2018 and influenced dissolved nutrient concentrations differently in spring compared to summer. 
 
2.1 Sampling strategy 
This study aimed to quantify specific nitrogen reaction rates within beaver pond 
geomorphic units to understand how pond geomorphology influences net biogeochemical 
processing in a beaver pond. Geomorphic units were delineated based on water and sediment 
depth and the shoreline area. Within each geomorphic unit, we conducted in-situ buried bag 
experiments as well as closed benthic chamber experiments, both of which informed on nitrogen 
flux rates that were incorporated into a nitrogen mass balance for the entire beaver pond. Proxy 
data, such as carbon and nitrogen isotopes and sediment oxygen demand, were used in 
conjunction with in-situ experiments to understand the specific environmental conditions under 
which nitrogen processes are enhanced or reduced. Finally, we determined the relative effect of 




2.2 Geomorphic classification and delineation 
Geomorphic units were delineated based on thresholds outlined in Wheaton et al. (2015) 
and Majerova et al. (2020). Five geomorphic units were considered: pool, backwater, channel 
margin, dam margin, and riffle. Criterions were established within each cell (1 m x 4 m) based on 
water depth, and sediment depth and composition (e.g., coarse, fine), as follows: 1) pools 
consisting of varying sediment depth and size, and water depth equal to or greater than 0.5 m; 2) 
backwater areas characterized by fine substrate, relatively deep sediment, and water depths 
between 0.2 – 0.4 m that span at least two adjacent cells; 3) channel margin areas consisting of 
fine substrate, varying sediment depths, and water depths of less than 0.2 m that usually span no 
more than two cells from the water edge; 4) dam margin characterized as the area directly parallel 
to the dam, spanning no more than 1 cell wide, with deep and fine sediment, and shallow water; 
5) riffles characterized by coarse substrate, relatively shallow sediment, rough water surface, and 
water depth of less than 0.4 m. 
We measured water and sediment depth approximately every 4 m longitudinally and 1 
laterally in a grid design within the pond (Figure 10). Sediment thickness was determined by 
pushing a thin rod into the sediment until significant resistance. Measurement points were 
georeferenced with a Juniper Geode GNS with < 30 cm accuracy. Points were interpolated into a 
triangulated irregular network (TIN) (Figure 10). Surface area was calculated based on Google 
Earth satellite images from June 2018. Water and sediment volume was estimated by summing 
measured values from each 1 x 4 m cell. Values from the TIN were used to delineate the 
geomorphic unit percent composition of the beaver pond. 
The Spawn Creek pond was composed of 32% pool, 30% backwater, 19% channel 
margin, 10% dam margin, and 8% riffle (Table 4). We focused our study on three of the five 
identified geomorphic units: backwater, channel margin (hereafter margin), and riffle. Specific 
sampling locations with the selected geomorphic units are shown in Figure 11. These sampling 
locations were chosen because of their gradient of sediment and water depths, velocities and 
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substrate composition (Table 4). More importantly, they were deemed safe to access from a 




Figure 10. Study site is located in Spawn Creek (blue, A), which is a tributary to the Logan River 
(grey, A) in N. Utah. The focal beaver pond (C) is the most upstream of a large complex (B).  The 
bottom panel displays the triangulated irregular network (TIN) delineation. Total depth is the sum 
of sediment and water depth, water depth is the depth from the surface to sediment, and sediment 
depth is the depth from sediment surface to the point of significant resistance. 
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Table 4. Beaver pond geomorphic unit characteristics. Focus geomorphic units are in bold.  
 Margin  Backwater  Riffle  Dam margin Pool 
Surface area (m
2
) 50 81 23 28 32 
Water depth (m) 0.1 – 0.3 0.2 – 0.4 0.1 – 0.7  0.1 – 0.9 0.4 – 1.4 
Sediment depth (m) 0.1 – 0.5 0.1 – 1.3 0.02 – 0.4 0.1 – 0.8 0.1 – 0.6 
Water volume (m
3
) 10 23 4 15 30 
Sediment volume (m
3
) 14 60 9 13 10 




Figure 11. Geomorphic unit composition of the Spawn Creek beaver pond (left). Locations of the 
benthic chamber experiments, sediment cores, and in-situ bag nitrogen mineralization 
experiments (right), in the margin-left, riffle, and backwater-right selected geomorphic units. 
 
 
2.2 Mass balance 
The nitrogen fluxes considered in this study were 1) nitrogen sedimentation and 
temporary storage in sediments, 2) mineralization, 3) nitrification, 4) denitrification, 5) biomass 








and N2. Each 
nitrogen flux was determined from a series of experiments or cores collected from each 
geomorphic unit. Nitrogen flux results were scaled to the areas of each geomorphic unit and 
summed to the entire pond, expressed as g N per m
3
 of sediment per day. To understand the 
relative contribution of each geomorphic unit to the total pond nitrogen cycle, geomorphic unit 
results were expressed as a percentage of the total pond flux rate. 
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2.2.1 Nitrogen sedimentation and temporary storage 
 
Sedimentation rates were calculated by placing triplicate sediment traps (2.5 cm diameter 
PVC tubing) in each geomorphic unit for 81 days. After collection, sediments were dried in a 
vacuum desiccator, weighed, and scaled to the trap area and number of days in the pond. 
Sediment cores were also collected from each geomorphic unit at the end of the sampling season 
by pushing PVC tubing (5 cm
2
 width) into the sediment until significant resistance (Figure 11). 
Cores were capped and kept upright until processing at Utah State University (USU). In the lab, 
cores were split in half, lengthwise, and then preserved in a dark fridge until analysis. Within one 
week of collection, core stratigraphy, density, organic, and inorganic contents via loss on ignition 
were recorded (Dean 1974, Heiri et al. 2001). Untreated sediments were acid fumigated with HCl 
and analyzed for nitrogen content on a Costech 4010 Elemental Analyzer at the USU Stable 
Isotope Laboratory (Qi et al. 2003). 
The approximate nitrogen that has accumulated in beaver pond sediments throughout the 
pond’s lifetime was calculated by: 
 
                        𝑔 𝑁 𝑜𝑟 𝑃 = (





) ∗ 𝜌 ∗ 𝑉𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡,            (1) 
 
 
where the mass of N in sediments is a function of the concentration of N in the sediment sample 
analyzed (mg kg
-1
), multiplied by the density (𝜌) of saturated sediment (kg m-3), and the volume 
(m
3
) of impounded sediment. TN sediment accumulation per day is the result of the total g of N 
in the sediment divided by the age of the pond, in days. These accumulation rates were compared 
to the seasonal accumulation data collected in 2018 (sediment traps). 
 
2.2.2 Mineralization and nitrification 
 
To quantify nitrogen mineralization and nitrification rates in the beaver pond, we used an 
in-situ buried bag experiment (Isaac and Timmer 2006). Incubation of sediment in gas-tight 
polyethylene bags allows for time-course experiments to be conducted under more natural 
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conditions than other methods (Hansen et al. 2000). This experiment determined the capacity for 
the beaver pond system to convert organic nitrogen to inorganic form. In June 2019, we collected 
two additional sediment cores from each geomorphic unit by pushing plastic tubing (15 cm
2 
width) into the sediment 16 ± 2 cm deep (Figure 11). In the field, we homogenized each core and 
placed sediment into three polyethylene bags. 
Following core collection, the bags containing the homogenized sediment were buried 
under 2 – 3 cm of sediment near the coring site (Robertson and Vanderwulp 1989). We 





 contained within sediment pore water. Sediment bulk density was 
determined as dry weight per unit wet volume (g dry cm
-3
 wet) following drying in a muffle oven 
at 70°C. From dried sediments, we extracted NH4
+ 
with 2M KCl and then digested the resulting 
supernatant with sodium-salicylate and NaOCl at high pH (Nelson 1983). To extract NO3
-
 the 
dried sediments were first soaked with DI water and centrifuged. The resulting supernatant was 




concentrations were determined via rapid colorimetric determination on a SpectraMax M2E. 
Absorbance values at 667 nm and 410 nm are directly proportional to the amount of ammonium-
N (calibration r
2
 = 0.99) and nitrate-N (calibration r
2
 = 1) present in the digest, respectively. 
Sample blanks were prepared and subtracted from measured values. A one-way ANOVA was 
applied to test whether geomorphic units (n = 6 per unit) differed in nitrogen mineralization rates. 
To incorporate these results into the mass balance, mineralization rates were determined 
as the change in NH4
+
 concentration between the initial and incubated buried bag. A positive 
change in NH4
+
concentration indicated the amount of organic N converted to NH4
+
 and a negative 
change in NH4
+ 
concentration was assumed to indicate the amount of NH4
+
 assimilated into 
biomass or converted to NO3
-
. Similarly, nitrification rates were determined as the change in NO3
- 
concentration between the initial and incubated buried bag. A positive change in NO3
-
 
concentration indicated the amount of NH4
+
 converted to NO3
-




 concentration was assumed to indicate the amount of NO3
-
 assimilated into biomass. 
Importantly, the buried bag experiments were conducted under oxic conditions and thus NO3
-
 
could not be further reduced to N2. 
 
2.2.3 Benthic diffusion 
 









and N2 from the sediments to the overlying water column. Benthic chambers allow 
for in-situ measurements of sediment-to-water fluxes of nitrogen or oxygen, where the fluxes 
were calculated based on the difference in concentration over time inside the chamber. We 










For each experimental trial, we installed two benthic chambers (one light, one dark) that 
were designed by Beltran (2019). First, the steel frames of the chamber were manually pushed 
into sediment (6 – 18 cm deep) until significant resistance, or until the entire base of the steel 
frame was submerged. Next, we filled the fiberglass top with pond water and the connecting 
tubing was filled underwater. Tubing was then closed with a valve. Avoiding air bubbles, the 
fiberglass top was secured to the steel frame. A reflective blanket was attached to the dark-
treatment chambers. Chambers contained 16 – 20 L of pond water. Beltran (2019) showed no gas 
exchange or leakage occurred when chambers were installed in this manner. 
Prior to chamber installment, we collected ambient pond water samples from each 
geomorphic unit. Twenty-four hours and forty-eight hours after chamber installment, water 
samples were extracted from the chambers and the surrounding ambient water. After the forty-
eight-hour samples were collected, the chambers were moved to a new location within the 
geomorphic unit for a second trial. Each time water was collected from the chamber, we ensured 
that no more than 3% of the total chamber volume was extracted. On two occasions, resident 
beavers damaged chamber tubing and rendered those experiments compromised. 
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Water samples were collected in clean triple DI rinsed Nalgene® HDPE bottles and 
stored on ice for up to 6 hours before lab processing at USU. From the bulk water sample, at least 
200 mL were passed through a pre-combusted 0.7 µm Whatman ® GF/F filter for particulate 
nitrogen analysis. At least 100 mL of the filtrate was acidified with H2SO4 and kept in pre-





[detection limit (DL) = 0.004 mg L
-1
] was measured on acidified filtered samples via combustion 
on a Skalar Formacs
HT






on a Lachat QC 8500 
by ion chromatograph within 60 days of collection (NH4
+








Samples for dissolved gaseous N (N2) were processed using a headspace equilibration 
method. In the field, we filled pre-combusted 30- or 50-mL glass amber bottle with sample water 
until no headspace remained. In the lab, we injected 3 or 5 mL of sample water into a pre-
evacuated ashed amber bottle. The bottle was fitted with a bromobutyl rubber septum and was 
prefilled with 0.5 mL of 0.6% HCl. Headspace N2O concentrations were determined by injecting 
1 mL of sample headspace into a Shimadzu GHG-GC (2014). Dissolved N2 concentrations were 
measured by injecting 50 µL of sample headspace into a Costech 4010 Elemental Analyzer. We 
used ultra-high purity N2 for calibration (calibration r
2
 = 0.99). Sample analytical precision was 
within 7%. 




, and N2 were calculated for each sample collection period 
as follows: 
 
                                         𝐹 =
(𝐶𝑓 −  𝐶𝑖)𝑉
(𝑇𝑓 −  𝑇𝑖)𝐴
                                                              (2) 
 
 
where (Cf – Ci) is the difference of concentration between the final and initial samples, (Tf – Ti) is 
the total incubation time between final and initial sample collection, V is the volume of water in 
the chamber (L) and A is the area (m
2
) of sediment incubated. A positive flux (F) signifies 
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transfer of N from the sediment to the water column, and the opposite trend is denoted by a 
negative flux. We compared nitrogen fluxes from June and August between geomorphic unit and 
chamber treatments (light or dark) with a two-way ANOVA. A Tukey’s multiple comparisons of 
means post-hoc test was used to detect differences when the overall test was significant (p < 
0.05). All data analyses mentioned were conducted using R version 3.5.1 (Vienna, Austria). 
 
2.3 Biological proxies  
2.3.1 Source and processing of nitrogen 
 




N, and C:N analysis every 2 cm down-core. 
Isotopes were measured to provide information on C and N source as well as microbial 
processing (Meyers and Ishiwatari 1993) where depleted δ
13
C and enriched δ
15
N, suggest high 
microbial activity within the sediments and subsequent transformation of nitrogen. The C:N ratio 
provides an index for distinguishing between algal versus terrestrial material (Meyers and 
Ishiwatari 1993) as well as the post-depositional microbial alteration of C and N isotopes and 
concentration (sediment diagenesis) (Brahney et al. 2006, 2014). 
Sediment samples were dried, ground in a mortar and pestle, and then passed through a 
250 µm sieve. Sediments < 250 µm were weighed in silver capsules and then acid fumigated with 
hydrochloric acid (HCl) to remove inorganic C (carbonate) (Harris et al. 2001). C and N isotope 
and mass were analyzed on a Costech 4010 Elemental Analyzer at the USU Geochemistry Lab 
following (Qi et al. 2003). Stable isotope results are expressed in standard delta (δ) notation, i.e. 
as the deviation per mill (‰), from the internationally accepted standard: 
 
                                       𝛿𝑠𝑎𝑚𝑝𝑙𝑒 (‰) = [(
𝑅𝑠𝑎𝑚𝑝𝑙𝑒
𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
) − 1] ∗ 103                                      (3)  
 
 








C ratio. Analytical accuracy and precision were 
established based on known isotopic standards; USGS 41 and 42 for δ
13




N. Analytical precision for samples was within 0.9 ‰ for δ
13
C and 0.3 ‰ for δ
15
N and for 
standards was within 0.3 ‰ for δ
13
C and 0.1 ‰ for δ
15
N. 
To understand whether geomorphic units differ in the source and processing of carbon 





LOI%, and C:N) and geomorphic unit with sediment core depth (cm) as the co-variable. Tukey’s 
multiple comparisons of means post-hoc test was used to detect differences when the overall test 
was significant (p < 0.05). 
 
2.3.2 Sediment oxygen demand 
 
To determine the spatial variability of oxygenated environments within beaver pond 
sediments we quantified sediment oxygen demand (SOD). These experiments quantify the 
respiration rate of benthic communities and chemical oxidation in sediments (Bowman and 
Delfino 1980) by measuring the rate of removal of water column dissolved oxygen by sediments. 
For example, more negative SOD values indicate that oxygen demand from processes such as 
sediment respiration, or organic matter decomposition and subsequent nutrient mineralization, is 
greater than oxygen surplus processes such as photosynthesis (Lee et al. 2018). Quantifying the 
spatial and temporal distribution of oxygenated environments is important for gaining a complete 
picture of the nitrogen cycle in a beaver pond. For example, in oxic sediments rich in organic-
matter, the nitrogen cycle proceeds no further than nitrification (Duff and Triska 2000) because 




 and NO2, 
denitrification can only occur in anoxic sediments (Champ et al. 1979). 
Prior to chamber installment (described above), MiniDOT loggers were placed on the 
inside of the benthic chambers for continuous (15 minutes) temperature and dissolved oxygen 
measurements. A control MiniDOT was placed near each benthic chamber to measure diel 
oxygen trends outside of the chamber environment (Figure 11). The control loggers also provided 






). SOD was calculated based on the declining rate of DO over each 24-hour incubation period 

















                                             (4) 
 
 




) from the chamber, dW/dt is 
the water column respiration rate estimated from the control loggers, V is the volume of water in 
the chamber (L), and A is the area (m
2
) of sediment in the chamber. The slope was estimated 
from the linear best fit of the DO depletion curves. Consistent with other studies (e.g., Utley et al. 
2008, Todd et al. 2009, Lee et al. 2018), we included the depletion rate in our statistical analyses 
if r
2
 > 0.7, which indicated a significant linear trend. The chamber was removed from the study if 
we found evidence of leakage by using  O2 concentration data (Demars et al. 2015). We 
compared SOD rates from June and August between geomorphic unit and chamber treatments 
(light or dark) with a two-way ANOVA. A Tukey’s multiple comparisons of means post-hoc test 
was used to detect differences when the overall test was significant (p < 0.05). We also used 




, and N2 benthic 
flux rates (Eqn. 3) from the same chamber. To meet normality assumptions, flux rates were 









 of organic nitrogen was delivered into the Spawn Creek beaver pond during 
the summer (Figure 12). Most organic N sedimentation occurred in the margin (54%), followed 
by the backwater (43%) and riffle (4%). Organic nitrogen sedimented into the pond underwent 









was converted from organic to 
inorganic N via mineralization (production of NH4
+
). The bulk of NH4
+
 production occurred in 
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the riffle (50%) and backwater (38%). NH4
+
 mineralized in the pond sediments diffused into the 




 (Figure 12). NH4
+ 
diffusion was only detected in the 











predominantly within the 




 produced was 




). Considerably less NO3
- 
diffused into the water column 




 entirely in the margin (29%) and riffle (71%) sediments (Figure 12). 
When anoxic conditions are present, the nitrogen cycle proceeds to denitrification. Because no 
benthic diffusion of NO3
- 
occurred in the backwater, we assumed that any NO3
-
 produced in the 
sediments was reduced to N2 gas. As such, we only detected denitrification in the backwater 




. While we did not detect any signs of denitrification 




of N2 gas diffused out of the pond 
sediments, including the riffle (49%), margin (34%), which suggests that the margin and riffle 
may also enable denitrification or these units may indirectly facilitate the movement of N2 gas 
from anoxic subsurface flow paths. 
The bulk of nitrogen biogeochemical work occurred in the backwater geomorphic unit. 
Specifically, this unit experienced the highest rates of N sedimentation, and facilitated high rates 
of mineralization, nitrification and denitrification (Figure 12). The backwater unit also diffused 
the most NH4
+ 
and the least NO3
-
, suggesting that NO3
- 
 was rapidly converted to N2. The margin 
geomorphic unit was a hotspot for nitrification, and this unit also accounted for one third of NO3
- 
diffusion into the pond water column. The riffle was also a hotspot for dissolved nitrogen benthic 
diffusion, which may be explained by its position within a step-pool sequence thus facilitating 
hyporheic exchange. Overall, the pond environment processed the bulk of N into temporary 




were similar, and most 
inorganic N benthic diffusion was in the form of N2. However, rates of mineralization were 
greater than nitrification, which was greater than denitrification. Because mineralization can take 
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place under both oxic and anoxic conditions, but nitrification and denitrification are obligatory 
oxic and anoxic processes, respectively, this finding is not unexpected. 




, while the total 





between annual sediment transfer of nitrogen and the total nitrogen sediment pool is indicative of 
the loss of temporarily banked N to fates other than sedimentation, such as the fluxes described 




or 78% of the 
daily inflow of N. However, most of this nitrogen is stored in an organic state in the form of 
sediments (37%) and biomass (41%), whereas 13.3% of delivered N is considered permanently 
removed because it is returned to the atmosphere via denitrification. Thus, nitrogen deposits to 























Percentage of the total nitrogen flux is expressed for each geomorphic unit: backwater (BW), 










3.2 Biological proxies 
3.2.1 Sediment properties  
 
Sediment core properties from each beaver pond geomorphic unit provide information on 
how nitrogen may be processed within beaver pond sediments. The riffle unit had significantly 
more enriched δ
13
C and depleted δ
15
N (p < 0.001). Margin δ
15
N values were relatively enriched 
whereas backwater and riffle δ
15
N values were significantly more depleted (p < 0.001; Figure 13). 
The backwater core tended to become more enriched in δ
15
N with increasing sediment depth 
(Figure 13). Due to the preferential loss of lighter isotopes with subsequent microbial processing, 
the depleted δ
13
C and enriched δ
15
N values in the margin and backwater cores suggest enhanced 
microbial activity and nitrogen transformation (Brahney et al. 2006, 2014). 
All cores showed trends of decreasing organic matter content (LOI %), and 
corresponding increases in C:N ratio with sediment depth (Figure 13). These results, combined 
with the enrichment of δ
13
C in backwater and margin cores, suggest post-depositional microbial 
alteration of carbon, or sediment diagenesis (Meyers and Ishiwatari 1993). The backwater core 
had significantly more organic matter (LOI % = 14 ± 3) compared to the riffle core (LOI % = 9 ± 
3; p = 0.002). The source of organic matter can be differentiated using the relationship between 
C:N and δ
13
C (Meyers 1994). The margin and backwater cores had a significantly different 
source of organic matter compared to the riffle (p = 0.04), likely containing organic matter of 
dominantly of algal origin, whereas the riffle core contained organic matter dominantly of 
terrestrial origin likely from riparian graminoids (Figure 14). 
 
3.2.2 Sediment oxygen demand (SOD) 
 
We calculated the sediment oxygen demand within the benthic chambers to quantify 
biological or chemical processes that consume oxygen and create anoxic areas within sediments. 
This is important for contextualizing the types of nitrogen conversions occurring within a beaver 






















Figure 13. Sediment depth profile of proxy data from the margin (grey), backwater (green), and 
riffle (red) cores. δ
13
C values (a –c) were significantly more enriched in the riffle core compared 
to the margin and backwater (p < 0.001). δ
15
N values (d – f) differed significantly between all 
cores (p = 0.001) with the margin δ
15
N values enriched, and the backwater and riffle more 
deplete. C:N ratios (g – i) in the riffle core were significantly higher than all other cores (p < 




Figure 14. C:N and δ13C identifiers of organic matter source for the margin (grey), backwater 
(green), and riffle (red) sediment cores. All cores differed significantly (p = 0.04). Margin and 
backwater cores contained organic matter of algal origin (-27 to -30 ‰ δ
13
C and C:N ratio 
between 4 and 10) whereas the riffle core contained organic matter of terrestrial origin (e.g., C4 
land plants ~ -14 ‰ δ
13
C and C:N ratio of > 20; Meyers 1994). 
 
Across both seasons and treatments, the backwater chamber consistently had the lowest 





). In contrast, the margin and riffle chambers experienced similar oxygen depletion slopes 
(Table 5). High rates of oxygen consuming processes within sediments, such as in the backwater, 
resulted in low concentrations of dissolved oxygen within the chamber. 
During June, SOD was significantly higher (e.g., more negative) in the dark chambers, 
where photosynthesis could not occur, compared to August. This trend was mostly driven by the 









). Overall, the backwater-dark chamber had significantly higher sediment oxygen demand 
as compared to the margin and riffle-dark chambers (Table 5). Similarly, the backwater-light 
chamber SOD was significantly higher than the riffle-light chamber (Table 5). High sediment 
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oxygen demand within the backwater indicated that biogeochemical processes that consume 
oxygen such as sediment respiration or organic matter decomposition – which was at relatively 
high levels in the backwater (Figure 13) – occurred at a higher rate than oxygen supply processes 
(e.g., photosynthesis; Lee et al. 2018). 
 
Table 5. SOD parameters from benthic chamber experiments. The mean slope of the oxygen 





). The associated regression coefficient of determination (r
2





) is calculated by scaling the oxygen depletion slope to the area (0.066 m
2
) and volume 
of the chamber, and the chamber incubation time (Eqn. 4). Statistical significance between 
month, treatments, and geomorphic units is denoted (* p < 0.05, ** p < 0.01, *** p < 0.001). 
Treatment Month Location 
Mean Slope 



























Backwater  -0.26 0.94 16 





Margin -0.10 0.97 17 -0.16 ± 0.1 
bc
 23 








Backwater -0.11 0.96 20 





Margin -0.07 0.96 17 -0.05 ± 0.1 
bc
 23 








Backwater  -0.14 0.97 17 -0.31 ± 0.2 
ab
 23 
Margin -0.09 0.95 17 -0.09 ± 0.1 
ab
 22 





Backwater  -0.08 0.96 19 -0.02 ± 0.1 23 




3.2.3 SOD as a predictor for N benthic diffusion 
 
Regression results suggested a significant correlation between sediment oxygen demand 
and TDN and NH4
+
 benthic flux (Figure 15). Specifically, as oxygen demanding processes 
increased in sediments, the rate of TDN and NH4
+
 release from the sediments simultaneously 
increased (TDN p < 0.001, r
2
 = 0.3; NH4
+ 
p = 0.003, r
2
 = 0.2). The relationship between NO3
- 
and 
SOD was marginally significant (p = 0.05), and in contrast to TDN and NH4
+ 
the relationship was 
positive, which indicated that as oxygen consuming processes decreased, the diffusion of NO3
- 
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from sediments increased (Figure 15). These results provide strong supporting evidence for the 
patterns described in nitrogen mass balance. 
 
 
Figure 15.  Linear correlation between SOD and benthic nutrient flux of (a) total dissolved 
nitrogen, (b) ammonium, (c) nitrate and (d) nitrogen gas. Gray points represent June experiment 
results and black points represent August chamber results from the backwater (circle), margin 
(square), and riffle (triangle). Significant relationships between TDN and NH4
+
 and SOD were 
detected at the 95% confidence level (TDN p < = 0.001, r
2
 = 0.7; NH4
+ 
p = 0.01, r
2





This study aimed to quantify specific nitrogen reaction rates in three beaver pond 
geomorphic units to understand the distribution of nitrogen biogeochemical hot spots. Our 
findings suggest that specific nitrogen reactions were tied to geomorphology, thus the area of 
each unit within a pond will dictate the net pond biogeochemical processing. The differences in 
biogeochemical processing within each geomorphic unit is likely explained by the unique 
64 
environmental characteristics found within the units, such as sediment oxygen demand, 
sedimentation rate, and nitrogen species availability. 
 
4.1 Beaver ponds as biogeochemical hotspots 
Nitrogen transformation rates from this study indicated that beaver ponds are 
biogeochemical hotspots in the streamscape (McClain et al. 2003) because they provide spatial 
heterogeneity. Overall, the pond was a hotspot for sedimentation, mineralization, and 
denitrification, indicating the potential for beaver ponds to mitigate nitrogen pollution. 
Furthermore, margin nitrification rates were on average 3.5 times higher than rates reported in 
other headwater streams without beaver activity (Starry et al. 2005) suggesting that the conditions 
within a beaver pond may be more favorable for NO3
- 
production compared to streams unaltered 
by beaver activity. Although notably, nitrification rates summarized from multiple studies in 
Starry et al. (2005) were collected using nitrification blockers in sediment microcosms, as 
compared to the in-situ approach used in this study. 
Results from this study show that beaver ponds have the capacity to create anoxic 
sediments in small headwater streams that would otherwise be dominated by aerobic, rocky 
substrate. Few data are available for typical sediment oxygen demand of mountain headwater 





within the higher range of SOD rates reported from Kansas streams (Foster et al. 2016) and 
Georgia coastal streams in the United States (Utley et al. 2008). Interestingly, the range of SOD 
values from the Spawn Creek beaver pond were most similar to SOD values reported from the 
Arroyo Colorado River (Matlock et al. 2003). The aforementioned streams and rivers are likely of 
larger order and higher productivity and would be expected to have higher SOD as compared to 
Spawn Creek which is a low productivity (oligotrophic) first order stream. As such, beaver ponds 
on headwater streams increase SOD by creating habitats that trend toward an anaerobic 
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environment, thus facilitating higher rates of nitrogen biogeochemical processing and nitrogen 
removal. 
In a beaver pond, the availability of diverse oxygen environments within close spatial 
proximity allow for nitrogen biogeochemical pathways to proceed that are otherwise limited by 
oxygen absence (nitrification) or presence (denitrification). For example, the backwater 
geomorphic unit facilitated the highest rates of nitrification and denitrification and contained a 
combination of oxic surface sediments and anoxic sub-surface sediments. Sediment proxy data 
(depleted δ
13
C and enriched δ
15
N) and benthic chamber experiment results suggested that within 
backwater sediments, mineralization of particulate organic nitrogen to NH4
+
 occurred at a high 





or assimilated into biomass. The loss of NO3
-
 from the backwater benthic 
chambers suggests that when anoxic conditions are present (e.g., in spring) nitrate is further 
reduced to gaseous N via denitrification. Few studies have measured the denitrification potential 
of beaver pond sediments; however, Lazar et al. (2015) estimated the denitrification potential of 
beaver pond sediments in a mesocosm experiment and found that denitrification rates correlated 
with decreased water column dissolved oxygen saturation. Our study is among few to provide in-
situ denitrification rates, and sediment oxygen demand rates, both of which further the 
understanding of ecosystem services, such as denitrification, that are provided by beaver ponds. 
While beavers now occupy their original range, current numbers are around 10% of 
historical populations (ca. 60 – 400 million; Baker and Hill 2003). Butler and Malanson (2005) 
conducted a meta-analysis of published sources on the number and nature of beaver dams in 
North America, and paired these findings with a case study on several beaver ponds in Montana, 
USA. They calculated a conservative estimate of pre-European beaver pond densities to be 
between 15 and 100 million ponds, containing a minimum of 3 – 50 billion m
3
 of sediment in 
total. Using estimates of beaver pond density and sediment volume from Butler and Malanson 
(2005), and nitrogen processing rates calculated in this study, pre-European streams and rivers 
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with beaver activity may have collectively trapped between 42 – 280 tonnes of N per day. While 
most of this nitrogen is temporarily stored within sediments, approximately 13.6% is permanently 
removed to the atmosphere via denitrifying processes. Notably, this estimate is highly 
conservative as most beaver ponds hold on average 225 m
3
 of sediment (Butler and Malanson 
2005), which is more than twice the amount of sediment impounded within Spawn Creek 
(approx. 106 m
3 
in 2018). With the systematic removal of beavers and eventual channelization of 
streams, the modern streamscape lacks its former natural sediment and nutrient traps such as 
beaver ponds and wetlands, both of which facilitate the gradual processing and removal of 
nitrogen from aquatic and terrestrial ecosystems. 
 
4.2 Geomorphic units as ecosystem control points 
Similar to biogeochemical hotspots, ecosystem control points (both spatially and 
temporally) exert disproportionate influence on the biogeochemical behavior of the ecosystem 
under study. Developed by Bernhardt et al. (2017), this framework allows for more detailed 
classifications of biogeochemical hotspots by assigning a mode of action (e.g., transport vs. 
process) and timescale (e.g., ephemeral to permanent) to specific biogeochemical activities. 
When considering the Spawn Creek beaver pond within this framework, the backwater 
geomorphic unit was a biogeochemical hotspot for most components of the nitrogen cycle and 
could be considered a ‘permanent’ ecosystem control point because nitrogen processing was not 
limited by a reaction bottleneck (e.g., ample reactants and appropriate environmental conditions). 
In contrast, the margin geomorphic unit could be considered an ‘activated’ ecosystem control 
point because the margin only supported high rates of certain nitrogen biogeochemical pathways 
(e.g., nitrification) and had suppressed rates of denitrification likely due to the absence of a 
limiting reactant or mandatory abiotic condition (e.g., oxygen absence). It is possible that the 
margin does not currently have adequately deep sediments for completely anoxic conditions to 
form in the spring or summer. As a result, NO3
-
 accumulates in sediment pore space and 
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eventually diffuses into the water column. If a pond is predominantly composed of oxic 
sediments, then it is likely to be a NO3
- 
source, rather than sink, because anoxic conditions are 
required for the further reduction of NO3
- 
 to an inert form (e.g., N2 gas). However, if the pond 
were to eventually develop anoxic conditions, denitrification would likely occur because of the 
ample availability of NO3
-
. This reaction bottleneck could also explain the variation in results 
from multiple beaver pond studies wherein studies have consistently found beaver ponds to be an 
NH4
+
 source (e.g., Devito 1989, Bledski et al. 2011, Hill and Duval 2009) and others a NO3
- 
sink 
(e.g., Klotz 2010, Lazar et al. 2015, Law et al. 2016). However, without contextualizing nitrogen 
results with the abiotic conditions found within a beaver pond, it is difficult to compare nitrogen 
biogeochemical rates across space and time. 
Beaver ponds are comprised of both lotic and lentic environmental conditions, and 
consequently host a diversity of biogeochemical pathways. For example, in a headwater stream 
un-altered by beaver activity, riffles are a dominant geomorphic unit (Wheaton et al. 2015). The 
riffle unit was biogeochemically and physically distinct from backwater and margin. The riffle 
unit experienced low sediment delivery, sediment oxygen demand, sediment organic matter, TN 
sediment content, and as a result decreased microbial activity. There was also significant 
variation between the riffle benthic chamber and mineralization experiments, suggesting high 
variability in biogeochemical processing within close spatial proximity. From one set of evidence 
(e.g., low sediment oxygen demand and little evidence of sediment diagenesis activities), we 
concluded that the riffle unit itself did not drive high rates of nitrogen transformations. Yet, we 




, and N2 benthic diffusion from the riffle chamber 
experiments. This contradiction suggests that the riffle may facilitate nitrogen transport rather 
than transformation, acting as a ‘transport’ control point. A transport control point contributes 
disproportionately to the movement of water and gases without itself possessing high activity 
rates (Bernhardt et al. 2017). While we did not directly measure whether nitrogen transport (e.g., 
upwelling) was occurring in the riffle, studies have shown that within step-pool sequences, 
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analogous to beaver ponds, vertical exchange occurs upstream of the step because of the 
attenuation of stream energy and increased head pressure downstream of the step (Buffington and 
Tonina 2009). Furthermore, upwelling water from subsurface flow paths is generally rich in 
inorganic nitrogen due to anoxic conditions (Zarnetske et al. 2011). 
Additional ecosystem control points may exist within a beaver pond. For example, in this 
study we were not able to quantify nitrogen reaction rates in the dam margin or pool units. The 
dam margin contained sediment and water of similar depth to the channel margin, and thus may 
act biogeochemically similar. About one third of the Spawn Creek pond was classified as a pool; 
the pool was physically distinct from all other units containing both deep water and deep 
sediment. However, Majerova et al. (2020) suggest that pools are relatively similar in geomorphic 
composition to deeper backwaters. 
 
4.3 Sampling geomorphic units across space and time 
Despite a few studies that recognize spatially discrete environments within beaver ponds 
(e.g., Johnston and Naiman 1987, Majerova et al. 2020) most studies collect water or sediment 
samples randomly (e.g., Lazar et al. 2015) or fail to specify sampling locations (e.g., Naiman et 
al. 1984, 1986). More often, studies treat the beaver pond itself as a black box by  collecting 
water samples exclusively from pond inflows and outflows (e.g., Margolis et al. 2001, Law et al. 
2016, Puttock et al. 2017). While these types of sampling approaches can be useful in creating an 
inflow-outflow mass balance, and may represent the habitats found within a beaver pond due to 
the nature of random sampling, they may also over or underestimate the capacity of a beaver 
pond to perform biogeochemical work. For example, this study found that the backwater 
geomorphic unit hosted both anoxic and oxic conditions and facilitated high biogeochemical 
activity. As such, data resulting from random or uninformed sampling that happened to occur in 
the backwater geomorphic unit would likely lead to different conclusions than if sampling 
occurred in the margin or riffle units. 
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Beaver pond geomorphic distribution and consequently, biogeochemical processing, will 
also change with the physical evolution of a beaver pond. Bigler et al. (2001) showed that the 
distribution of sediment in beaver ponds did not follow the expected pattern of down-pond or 
across-pond fining. Instead, older dams accumulated more sediment than younger dams, leading 
to the eventual infilling and transformation to a beaver meadow. While beaver pond shape and 
size is an artefact of valley physiography, beaver pond evolution does follow a predictable 
pattern. Recent studies surrounding beaver dam analogs (BDAs) have shown that beaver ponds 
evolve from initial construction in a confined channel to eventually a wide, and branching 
riparian meadow, and during this process the distribution of geomorphic units change (Pollock et 
al. 2007, Pollock et al. 2014). 
As a beaver pond physically evolves, the types of nitrogen biogeochemical processing 
that occur are likely based on the distribution of biogeochemically reactive points. Results from 
this study show that using geomorphic units as proxies for nitrogen processing holds promise as 
an effective sampling method. For example, during the early phases of a beaver pond, it is most 
similar to a free-flowing stream and thus is primarily composed of riffles and pools. Based on this 
study, we can expect that nitrogen biogeochemical pathways associated with the riffle, such as the 
transport (rather than transformation) of water and gasses, are likely to be dominant. Over time, 
as the beaver pond laterally expands into the floodplain, biogeochemically reactive units such as 
the channel margin and backwater also expand and become activated ecosystem control points. 
The resulting beaver pond will host a mosaic of oxic and anoxic conditions and potentially 
facilitate a suite of nitrogen transformations previously limited by reaction bottlenecks. As the 
pond collects more sediment and anoxic conditions persist, it may eventually facilitate the 
production of both N2O and N2 (Lazar et al. 2015). Notably, this study focuses on biogeochemical 
processing of one, relatively young, beaver pond. Future studies could employ a space-for-time 





The aim of this study was to illuminate a current biogeochemical black-box and quantify 
the spatial and temporal dynamics of nitrogen cycling within a beaver pond. We expanded the 
current understanding of nitrogen cycling in beaver ponds by considering the role of geomorphic 
units. While contemporary models of streams recognize headwater streams as important reactors 
for elements, these models only anecdotally reference the importance of beaver pond activity on 
stream physical and elemental processes. As such, the literature lacks a connection between 
beaver physical modification and biogeochemical modifications. In this study, we show that 
beaver ponds will likely facilitate higher rates of nitrogen transformations in streams when the 
pond contains diverse geomorphic composition and/or contains fine and deep sediment with both 
oxic and anoxic conditions. Correlating beaver pond biological metabolism of nitrogen with the 
fate and fluxes of nitrogen species allowed for classifying geomorphic units as specific ecosystem 
control points. The physical diversity and consequently, biogeochemical heterogeneity, that 
beaver ponds bring to the streamscape is important to consider when beaver ponds themselves are 
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Overall, this research identified variables driving the alteration of nutrient cycles in 
headwater streams with beaver activity. We provide frameworks for predicting how beavers will 
influence the biogeochemical cycles in a stream. In Chapter 1, we identified specific conditions 
under which beaver ponds can attenuate heavy metals and nutrients, thereby addressing when and 
where beavers can be used as a natural, cost-effective NPS pollutant remediation strategy. 
Generally, we found that organic-rich sediments can impound more heavy metals than organic 
poor sediments, and that pond age plays a role in total metal sequestration. We conclude that 
biogeochemical processing in a beaver pond may be optimized at intermediate levels of resource 
supply and residence time. Thus, a beaver pond with both sufficient resource supply and 
residence time will influence nutrient concentrations more than ponds lacking such conditions. 
As beavers are increasingly used as a physical stream restoration tool (Pilliod et al. 2018), 
scientists and managers must understand the variables preventing or promoting nutrient 
attenuation. For example, beaver ponds host a mosaic of aerobic and anaerobic conditions 
(Pringle et al. 1988), and as a result some areas may enhance certain nitrogen (N) biogeochemical 
pathways. In Chapter 2, we suggest that the spatial distribution of channel geomorphic units in a 
pond serves as a quantitative proxy for identifying and predicting how nitrogen is cycled in 
beaver-altered streams. We quantified multiple nitrogen biogeochemical pathways within a 
beaver pond using in-situ buried bag experiments, closed benthic chambers, and isotopes. We 
show that units characterized by organic-rich sediments, high sediment oxygen demand, and 
microbial activity display increased rates of nitrogen mineralization, nitrification, and when 
anoxic conditions persist, denitrification. While our study shows that beaver ponds can alter the 
reach-scale N cycle, we emphasize the importance of physical, and associated chemical, spatial 
heterogeneity. Beaver ponds are highly individual, and as a result they can be difficult to 
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consistently sample. This research may help future studies with experimental design by proposing 
a straightforward sampling method of using geomorphic units and measuring influential 
variables, such as organic matter content and oxygen demand. 
Previous studies addressing beaver impacts on nutrient cycling often attribute changes in 
element concentrations to stream discharge (e.g. Wegener et al. 2017) or community productivity 
(e.g. Klotz 2010). While these mechanisms provide a general idea of processes ocurring in a 
beaver pond, they cannot explain the variation in the composition of nutrients (e.g. organic vs. 
inorganic). The root of this research gap may lie in the inherent hybridity of a beaver pond. For 
example, limnologists recognize that the profundal and littoral zones of lakes are ecologically, 
and therefore biogeochemically, distinct (den Heyer and Kalff 1998). Similarly, stream scientists 
distinguish the gradient of abiotic conditions and associated biotic processes in streams by using 
geomorphic units (Frissell et al. 1986). By applying methods spanning stream and lake systems, 
researchers can improve already established frameworks, such as the river continuum concept 
(Vannote et al. 1980) or nutrient spiraling (Ensign and Doyle 2006), to reflect the uniqueness of 
beaver-altered streams. 
The results of this thesis have quantified how physical and chemical attributes of a beaver 
pond influence the fate and cycling of nitrogen, phosphorous and trace heavy metals. As beavers 
continue to re-colonize their native range, and freshwater ecosystems continue to experience 
imperilment, it is crucial to promote research on the mechanisms responsible for desired 
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We analyzed a suite of heavy metals in the sediment cores from the beaver ponds that are 
regulated by the U.S. Environmental Protection Agency (EPA). Analysis of these metals was 
handled as described in the manuscript methods. Details of the sediment core dimensions, 
sampling, and organic content can be found in Table 1 and the concentrations (mg kg
-1
) for the 
total and bioavailable fraction of metals can be found below. 
 














Temple   1 12 8 4.36 1.36 low 
Temple   2 10.5 6 8.34 4.12 low 
Spawn   3 16.5 8 8.64 2.77 low 
Temple   4 16 9 10.92 2.78 low 
Little Bear  5 15 8 11.31 5.64 low 
Spawn   6 22 13 12.58 6.30 low 
Spawn   7 22.5 10 13.84 2.45 low 
Temple   8 10 5 13.85 1.07 low 
Little Bear   9 20 9 16.80 1.84 high 
Little Bear  10 30.5 12 20.26 10.19 high 
Little Bear  11 17 8 21.07 1.12 high 
Spawn   12 16.5 10 21.70 3.25 high 
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Table A2. Total impounded Be, Al, P, Cr, Mn, Ni from sediment cores (mg kg
-1
). The detection 
limit (DL) was calculated as three times the standard deviation of all method blanks (n = 5). 
Core  # 9Be 27Al 31P 52Cr 55Mn 60Ni 
DL (ppm) 0.00002 0.19 0.02 0.002 0.0006 0.0005 
1 0.4 14816.9 494.6 15.3 116.7 8.5 
± 0.08 1642.1 132.95 6.39 16.7 0.92 
2 0.6 20909.7 708.7 20.7 136.7 9.3 
± 0.11 3203.68 169.71 4.15 34.2 1.39 
3 0.5 19660.1 440.2 18.9 126.6 9.9 
± 0.1 3857.56 109.45 3.73 37.87 1.37 
4 0.7 24297 780.8 23.9 307.3 10.9 
± 0.14 4476.93 162.96 5.13 311.75 1.23 
5 1.6 56344.6 860.9 40.1 597.5 17.4 
± 0.1 2708.54 89.25 3.09 109.23 1.79 
6 1.3 46551.6 1136.2 34.4 546.2 18.1 
± 0.3 11840.2 239.42 9.04 264.17 3.69 
7 1.2 43846.1 1169.5 35.7 416.9 16.4 
± 0.19 5531.54 143.86 5.84 147.9 1.3 
8 0.9 29940.5 970.6 28.6 216.3 14.7 
± 0.02 1101.12 42.81 9.91 35.26 3.52 
9 1.4 50549.5 809.7 38.6 351.6 17.1 
± 0.05 1463.01 71.92 2.6 115.91 0.69 
10 1.5 52561.2 1205.4 37.9 1188.4 17.4 
± 0.3 10891.4 430.18 9.88 758.62 3.74 
11 1.1 42906.8 846.9 35.2 510.5 16.7 
± 0.07 1282.73 78 1.74 70.04 0.66 
12 0.7 24749.2 864 22.6 145.6 11.4 






Table A3. Total impounded Cu, Zn, As, Se, Rb from sediment cores (mg kg
-1
). The detection 
limit (DL) was calculated as three times the standard deviation of all method blanks (n = 5). 
 
Core  # 65Cu 66Zn 75As 82Se 85Rb 
DL (ppm) 0.0007 0.12 0.0001 0.0001 0.00003 
1 7.3 17.2 2.4 0.1 24.2 
± 7.07 6.91 1.61 0.06 2.31 
2 7.6 25 3.1 0.3 36.3 
± 2.71 6.77 0.81 0.12 6.37 
3 6.4 7.1 1.6 0.2 38.2 
± 1.82 9.9 0.47 0.1 8.1 
4 10.2 32.4 3.8 0.3 41.1 
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Table A3. (cont.) 
± 3.36 15.15 1.14 0.16 8.55 
5 19.1 83.7 6.7 0.4 101.1 
± 1.13 0 0.7 0.16 5.94 
6 21.3 38.1 5.4 0.2 86.9 
± 6.52 21.31 1.43 0.11 24.02 
7 22 50.9 4.9 0.2 79.2 
± 9.8 6.69 1.04 0.14 11.93 
8 14.6 49.3 4.6 0.6 49.8 
± 3.25 26.3 0.56 0.06 2.49 
9 21.7 25.7 5 0.2 88.6 
± 1.82 6.42 0.39 0.12 2.53 
10 21 72.2 8.5 0.5 92.2 
± 1.96 8.34 2.96 0.31 18.99 
11 21.8 38.1 5.1 0.4 83.9 
± 0.7 3.51 0.41 0.18 3.7 
12 13.5 40.7 2.4 0.9 42.4 
± 2.79 14.83 0.38 0.34 5.9 
 
 
Table A4. Total impounded Ag, Ba, Hg, Tl, Pb, U from sediment cores (mg kg
-1
). The detection 
limit (DL) was calculated as three times the standard deviation of all method blanks (n = 5). 
 
Core  # 107Ag 137Ba 202Hg 205Tl 208Pb 238U 
DL (ppm) 0.0003 0.006 n/a 0.00002 0.0009 0.000005 
1 0.2 76.9 0.1 0.1 4.8 0.5 
± 0.18 33.09 0 0.01 1.3 0.08 
2 0.2 161.2 0 0.2 7.1 0.8 
± 0 37.68 0.01 0.04 2.51 0.16 
3 0.1 179.6 0 0.1 5.9 1.2 
± 0.1 49.94 0.01 0.04 1.94 0.25 
4 0.3 222.3 n/a 0.2 8.6 1 
± 0.14 72.86 0 0.04 2.9 0.26 
5 0.4 598.9 0.1 0.5 20.6 2.4 
± 0.51 54.68 0.02 0.07 2.07 0.18 
6 0.3 483.3 0.1 0.4 16.3 1.9 
± 0.16 123.82 0.04 0.11 4.5 0.66 
7 0.3 392.1 0 0.5 15.1 1.7 
± 0.26 47.09 0.01 0.07 1.97 0.25 
8 0.6 265.5 0 0.3 13.1 1.2 
± 0.31 13.54 0.01 0.02 2.45 0.21 
9 0 531 0.1 0.4 17.9 2.3 
± 0 16.07 0.01 0.02 1.55 0.13 
10 0.3 589.9 0.1 0.5 19.3 2.6 
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Table A4. (cont.) 
± 0.27 80.91 0.02 0.12 2.13 0.65 
11 0.3 511.7 0 0.4 20 2.2 
± 0.13 14.75 0.02 0.03 0.9 0.1 
12 0.1 251.6 0 0.2 11.2 2 
± 0 42.27 0.04 0.04 2.5 1.24 
 
 
Table A5. Bioavailable impounded of Ag, Cd, Ba, Hg, Tl, Pb, and U (µg kg
-1
). Values represent 
the sum of the humic and fulvic acid bound and Fe-oxide bound. 
 
Core Subsample (cm) 107Ag 111Cd 137Ba 202Hg 205Tl 208Pb 238U 
1 10-11 0.7 0.5 79.8 0.004 0.007 5.69 0.3 
4 11-12 0.32 0.4 67.8 0.044 0.028 5.86 0.24 
7 6-9 0.68 1.1 194.5 0.026 0.081 20.98 0.72 
7 16-17 0.71 0.9 186 0.003 0.069 14.255 0.44 
7 12-13 0.49 0.8 172.8 0.026 0.063 15.36 0.49 
11 2-4 0.41 0.7 260.8 0.049 0.059 19.714 0.91 
5 12-13 3.5 1025.2 4269.1 n/a 69.44 275.87 10.34 
10 17-18 5.05 1430.7 3471.7 n/a 68.78 237.25 12.68 
10 13-16 1.22 852.3 1532.7 n/a 38.18 125 7.72 




Table A6. Bioavailable impounded Cr, Ni, Cu, Zn, Rb, Sr, and Be (µg kg
-1
). Values represent the 
sum of the humic and fulvic acid bound and Fe-oxide bound. 
 
Core Subsample (cm) 52Cr 60Ni 65Cu 66Zn 85Rb 88Sr 9Be 
1 10-11 8.6 2.5 n/a 15.15 25.7 67.58 0.6 
4 11-12 13.6 2.9 2.95 18.12 15.05 30.08 0.43 
7 6-9 19.7 4.2 6.35 26.13 39.67 70.17 1.19 
7 16-17 18.6 2.8 5.14 26.36 40.35 57.46 0.82 
7 12-13 14.5 3.6 6.94 29.15 29.75 39.24 0.93 
11 2-4 21.7 3.5 7.45 32.67 29.75 39.8 0.71 
5 12-13 3139.9 72.1 350.57 160.54 176.45 160.42 6.71 
10 17-18 10899.3 60.9 282.94 255.41 291.61 163.36 6.35 
10 13-16 7564.4 28 137.58 173.38 177.08 95.78 4 












Benthic chambers – Design and implementation 
 
Figure 1 displays the benthic chamber design and an example of implementation. 
Chambers were designed by M. Beltran at USU. First, steel frames (a) were manually placed into 
sediment until significant resistance or the entire steel frame was submerged. Next, we filled the 
fiberglass (b) chamber piece with pond water and placed it on top of the steel frame, avoiding air 
bubbles. Then, we clamped the two pieces together using three spring clamps (c) on each side of 
the chamber. We placed a reflective blanket (d) over the dark chambers. The connecting tubing 
(e) was held underwater to fill with pond water, and when this was not possible, we pulled pond 
water through with a syringe. Tubing was closed with a valve. MiniDOT loggers (not pictured) 
were placed on the inside of the chamber for continuous temperature and dissolved oxygen 
measurements. During sampling, we used a sterile syringe to clear the tubing and condition the 50 
mL syringe (3 x). We then conditioned the sample collection bottle (3 x) and sampled no more 

































Figure A1. Benthic chamber design and installation 
 
 
Sediment oxygen demand 
 
Table A7. Sediment oxygen demand calculation. Pelagic respiration and benthic SOD slopes 
were found using the best linear fit. O2 depletion slope is corrected for pelagic respiration O2 



























MD June 0-24 -0.071 -0.08 0.94 16.57 -0.01 -0.07 
MD June 24-48 -0.083 -0.10 0.99 16.57 -0.01 -0.08 
MD June 0-24 -0.089 -0.11 0.95 18.25 -0.03 -0.17 
MD June 24-48 -0.061 -0.11 0.98 18.25 -0.05 -0.30 
ML June 0-24 -0.071 -0.09 0.94 16.57 -0.02 -0.11 
ML June 24 - 48 -0.083 -0.09 0.96 16.57 -0.01 -0.05 
ML June 0-24 -0.089 -0.10 0.94 18.25 -0.01 -0.05 
ML June 24-48 -0.061 -0.09 0.96 18.25 -0.03 -0.17 
BWD June 0-24 -0.088 -0.17 0.94 14.42 -0.08 -0.41 
BWD June 24-48 -0.108 -0.40 0.94 14.42 -0.29 -1.52 
BWD June 0-24 -0.090 -0.23 0.94 18.25 -0.14 -0.91 
BWD June 24-48 -0.094 -0.24 0.94 18.25 -0.14 -0.94 
BWL June 0-24 -0.088 -0.18 0.98 14.42 -0.09 -0.48 
BWL June 0-24 -0.090 -0.15 0.97 18.25 -0.06 -0.37 
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Table A7. (cont.) 
BWL June 24 - 48 -0.094 -0.11 0.95 18.25 -0.01 -0.09 
RD June 0-24 -0.080 -0.09 0.99 18.25 -0.01 -0.04 
RD June 24-48 -0.091 -0.08 0.97 18.25 0.01 0.08 
RL June 0-24 -0.080 -0.03 0.71 16.57 0.05 0.28 
MD August 0-24 -0.065 -0.08 0.99 16.73 -0.01 -0.09 
MD August 24 - 48 -0.059 -0.06 0.96 16.73 0.003 0.02 
MD August 0-24 -0.056 -0.07 0.94 16.73 -0.01 -0.08 
ML August 0-24 -0.056 -0.09 0.99 16.73 -0.04 -0.22 
ML August 24-48 -0.073 -0.08 0.97 16.73 0.00 -0.02 
BWD August 0-24 -0.084 -0.15 0.97 20.03 -0.06 -0.46 
BWD August 24-48 -0.072 -0.08 0.93 20.03 -0.01 -0.04 
BWD August 0-24 -0.071 -0.13 0.98 20.03 -0.06 -0.41 
BWD August 24-48 -0.073 -0.11 0.95 20.03 -0.04 -0.26 
BWL August 0-24 -0.084 -0.08 0.99 18.71 0.00 0.02 
BWL August 24-48 -0.072 -0.06 0.96 18.71 0.01 0.10 
BWL August 0-24 -0.071 -0.07 0.94 18.71 0.002 0.01 
BWL August 24-48 -0.073 -0.10 0.95 18.71 -0.03 -0.20 
RD August 0-24 -0.085 -0.07 0.95 16.07 0.01 0.08 
RD August 24-48 -0.074 -0.09 0.98 16.07 -0.01 -0.08 
RD August 0-24 -0.077 -0.06 0.99 16.07 0.02 0.11 
RD August 24-48 -0.065 -0.05 0.95 16.07 0.02 0.12 
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Sediment core stratigraphy and lithology 
 
Table A8. Descriptions of sediment core stratigraphy 
Core ID 
Depth 
(cm) Color Character Fossils 
Spawn - backwater 0-6 dark grey very fine w/ coarse rocks plant matter 
 6-10.5 black very fine w/ coarse rocks plant matter 
 10.5-14 black very fine w/ coarse rocks plant matter 
 14-17.5 black very fine w/ coarse rocks plant matter 
 
17.5-
22.5 black very fine w/ coarse rocks plant matter 
Spawn - riffle 0-2 brown fine, mineral rich  
 2-3.5 dark grey fine, mineral rich  
 3.5-5.5 
greyish 




sandy w/ some organic fibers, 
fine plant matter 
 7-8 
greyish 
brown sandy, fine, mineral rich 
woody 
debris 








sandy, fine to coarse,  mineral 
rich  
Spawn - margin 0-12.5 black 
organic matter rich, very fine to 
fine plant matter 
 12.5-15 black 
organic matter rich, very fine to 
fine plant matter 
 15-19 black 
organic matter rich, very fine to 
fine plant matter 
 19-22 black 
organic matter rich, very fine to 
fine plant matter 
Spawn – dam head 0-4 black very fine, organic matter rich  plant matter 
 4-8 black very fine, organic matter rich  
 8-16.5 black very fine, organic matter rich large leaf  
Temple - margin 0-5 
greyish 
brown very fine, rounded, mineral  
 5-6 
greyish 
brown fine  


















Temple - riffle 0-13.5 
greyish 
brown fine  
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Table A8. (cont.) 
 13.5-18 brown fine  
 18-20 dark brown very fine organic rich 
woody 
debris 
 20-21 brown fine  
Temple – dam head 0-2 
greyish 
brown fine  
 2-3.8 dark brown fine, organic rich  
 3.8-5.8 brown fine, sandy 
woody 
debris 
 5.8-8.6 dark brown 




 8.6-10.5 black 
fine to very fine, organic rich and 
sandy plant matter 
Temple - riffle 0-2 dark brown fine, organic rich and sandy plant matter 
 2-9.5 brown larger fines  
 9.5-11 
greyish 
brown medium particles   
 11-11.9 
greyish 
brown large fines  
Temple - 
backwater 0-4 black very fine plant matter 
 4-5.5 dark brown very fine plant matter 
 5.5-10 black very fine  














 22-29 dark grey very fine, organic rich plant matter 
 29-30.5 black very fine, organic rich plant matter 
Little Bear – dam 
head 0-16.5 black very fine, some coarse rocks plant matter 
 
16.5-
19.5 black very fine, organic rich plant matter 
 19.5-20 black very fine, organic rich plant matter 
Little Bear - riffle 0-3 black very fine, organic rich plant matter 
 3-6 dark brown very fine, organic rich plant matter 
 6-9 dark grey very fine, some coarse rocks  
 9-14.75 dark grey very fine, organic rich  
Little Bear - 
backwater 0-17 black very fine, organic rich plant matter 
 
